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| HE Engineering Experiment Station was established by act a 
of the Board of Trustees of the University of Illinois on De- — 
cember 8, 1903. It is the purpose of the Station to conduct — 
investigations. and make studies of importance to the engineering, 
manufacturing, railway, mining, and other industrial interests of the 
State. 
The management of the Engineering Experiment Station is vested % 
- in an Executive Staff composed of the Director and his Assistant, the ~ 
Heads of the several Departments in the College of Engineering, and — 
the Professor of Industrial Chemistry. This Staff is responsible for — 
the establishment of general policies governing the work of the Station, ~ 
- including the approval of material for publication. All members of 
the ‘teaching staff of the College are encouraged to engage in scientific ~ 
research, either directly or in codperation with the Research Corps, ~ 
composed of full-time research assistants, research graduate assistants, 
and special investigators. . ra. 
To render the results of its scientific investigations available to 
the public, the Engineering Experiment Station publishes and dis-— 
tributes a series of bulletins. Occasionally it publishes circulars of ~ 
timely interest, presenting information of importance, compiled from 
various sources which may not readily be accessible to the clientele — 
of the Station, and reprints of articles appearing in the technical press_ : 
written by members. of the staff, %y 
The volume and number at the top of the front cover page are 
merely arbitrary numbers and refer to the general publications of the — 
University. Hither above the title or below the seal is given the num- 
ber of the Engineering Experiment Station bulletin, circular, or reprint — 
which should be used in referring to these publications. 
For copies of publications or for other information address 
THE ENGINEERING EXPERIMENT STATION, ' 
UNIVERSITY OF ILLINOIS, 
URBANA, ILLINOIS _ 
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INVESTIGATION OF SUMMER COOLING IN THE 
WARM-AIR HEATING RESEARCH RESIDENCE 


I. InrTRopucTION 


1. Preliminary Statement —This bulletin is a report of the results 
of an investigation conducted under the terms of codperative agree- 
ments between the National Warm-Air Heating and Air Conditioning 
Association, the American Society of Heating and Ventilating En- 
zineers, and the University of Illinois, providing for investigations of 
warm-air furnaces and furnace systems, and investigations of general 
sroblems in heating, ventilating and air conditioning. The agreement 
with the National Warm-Air Heating and Air Conditioning Associa- 
ion was formally approved in August, 1918, and that with the Ameri- 
san Society of Heating and Ventilating Engineers in April, 1931. 

The codperating associations have been represented by Advisory 
Sommittees, the personnel of which changes somewhat from year to 
year. During the period of this investigation the National Warm- 
\ir Heating and Air Conditioning Association has been represented 
xy a Research Advisory Committee consisting of: 

F. G. Sepewick, Chairman, Waterman-Waterbury Company, 
Minneapolis, Minnesota. 

R. G. Guiick, May-Fieberger Company, Newark, Ohio. 

C. M. Lyman, Honorary Member, Utica, New York. 

F. L. Mreysr, The Meyer Furnace Company, Peoria, Illinois. 

I. W. Rowetu, Furblo Company, Hermansville, Michigan. 

T. W. Torr, Rudy Furnace Company, Dowagiac, Michigan. 

The American Society of Heating and Ventilating Engineers has 
een represented by a Technical Advisory Committee on Refrigeration 
n Relation to Air Treatment consisting of: 

A. P. Kratz, Chairman, University of Illinois, Urbana, Illinois 

E. A. Branpt, National Association of Ice Industries, Chicago, 
Illinois 

G. B. Bricut, Consulting Engineer, Detroit, Michigan 

Joun Evererts, Jr., Air and Refrigeration Corporation, New 
York City 

Euuiorr D. Harrineron, General Electric Company, Bloomfield, 
New Jersey 

S. R. Lewis, Consulting Engineer, Chicago, Illinois 

H. J. Macrntire, University of Illinois, Urbana, Illinois 

E. D. Mitener, American Gas Association, New York City 

K. W. Mutek, Utilities Research Commission, Chicago, Illinois 
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E. B. New1u, Frigidaire Division, General Motors Corporation, 
Dayton, Ohio % 
F. G. Sepewick, Waterman-Waterbury Company, Minneapolis, 
Minnesota 
A. R. Stevenson, Jr., General Electric Company, Schenectady, | 
New York 
J. H. Warxer, Detroit Edison Company, Detroit, Michigan 
R. W. WarerFitu, Carrier Engineering Corporation, Newark, 
New Jersey 
A. C. Wiuuarp, University of Illinois, Urbana, Illinois 
A. W. Wiu1as, National Warm-Air Heating and Air Con- 
ditioning Association, Columbus, Ohio 
H. M. Wiu1aMs, Frigidaire Division, General Motors Corpo- | 
ration, Dayton, Ohio ) 
It is the function of these committees to propose such problems for 
investigation as are of the greatest interest to manufacturers and 
engineers. Of these problems, the Engineering Experiment Station 
Staff selects for study those which can best be investigated with the 
facilities and equipment available at the University. The codperating 
associations provide funds for defraying a major part of the expense 
of this research work. The studies in summer cooling were conducted 
in the Research Residence in Urbana, Illinois. This Residence was 
built, furnished, and completely equipped specifically for research 
work in warm-air heating, by the National Warm-Air Heating and 
Air Conditioning Association in December 1924. 


2. Cbjects and Scope of Investigation—Since a study of summer 
cooling under actual service conditions must necessarily be confined 
to the summer season alone, the amount of work that can be com- 
pleted during any one season is limited by the length and severity of 
the season. This bulletin contains the results obtained during the 
three summer seasons of 1932, 1933 and 1934, and the objects and 
scope of the investigation were somewhat modified by the experience 
gained as the investigation progressed. The original objects of the 
investigation consisted of: 

(1) The determination of the cooling load and its hourly varia- 
tion when cooling the Research Residence as a whole, under both night 
and day conditions. 

(2) The determination of the effectiveness of awnings as a means 
of reducing the cooling load of the Residence as a whole. 

(3) The allocation to the various rooms of the heat entering the 
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Pe cente and the determination of the hourly variation in the cooling 
load of the individual rooms. 

_ During the first season it was found that it was not feasible to 
isolate the different rooms in such a way that heat losses to, or heat 
gains from, the adjacent rooms could be prevented. It was also found 
that the disturbing effect of heat lag in the structure could not be 
eliminated. Hence, studies of the heat loads on the separate rooms 
were discontinued. 

The investigation for the summer of 1933 was undertaken with the 
object of determining: 

(1) To what extent the circulation through the Residence of air 
taken from the outdoors at night could be used to supplement artificial 
cooling during the day. 

(2) To what extent the circulation of air taken from the outdoors 
at night could be used to eliminate the necessity for any additional 
artificial cooling during the day. 

(3) The relative merits of natural ventilation, of a fan in the 
forced-air heating system, and of a fan in the attic as means for 
circulating the air taken in from outdoors at night. 

The investigation for the summer of 1934 was undertaken with 
the object of determining to what extent a 2%-ton mechanical re- 
frigerating unit could be used to produce satisfactory cooling in the 
Research Residence, both when supplemented by the circulation of 
outdoor air through the house at night with the second-story windows 
9pen and when not so supplemented. 


3. Acknowledgments.—This investigation has been carried on as 
a part of the work of the Engineering Experiment Station of the 
University of Illinois and as a project of the Department of Mechani- 
sal Engineering. It was initiated under the direction of PRESIDENT 
A.C. Wiuuarp who was at that time Professor of Heating and Venti- 
ation and Head of the Department of Mechanical Engineering, and 
was under the general administrative direction of the late Dean M. S. 
KercHum, who was then Director of the Engineering Experiment 
Station. The investigation was continued under the general adminis- 
rative direction of Dean M. L. Encer, Director of the Engineering 
ixperiment Station, and of Pror. O. A. Leutwiter, Head of the 
Department of Mechanical Engineering. 

Acknowledgment is made to E. L. Broprericx, now Research As- 
istant, W. S. Harris, formerly Special Research Assistant and A. F. 
Tupparp, formerly Research Graduate Assistant for their services in 
conducting the tests and in the reduction of the test data. 
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Fig. 1. Warm-Air Heatinc RESEARCH RESIDENCE 


Acknowledgment is also made to the various organizations and 
companies who contributed funds through the American Society. of 
Heating and Ventilating Engineers and the National Warm-Air Héat- 
ing and Air Conditioning Association, and to the manufacturers who 


cooperated by furnishing instruments and equipment used in the 
investigation. 


II. Description or PLANTS AND APPARATUS 


4. Research Residence—The Research Residence, shown in Fig. 1 
equipped with awnings for operation in summer, faces to the south, 
and is of standard frame construction, with the exception that the 
studding is 2 in. x 6 in. instead of the 2 in. x 4 in. more commonly used. 
The roof consists of copper shingles laid on felt over wood sheathing. 
The wall section consists of weather boarding, ship-lap siding, building 
paper, 6 in. studding, wood lath and plaster with rough sand finish. 
The interior plaster walls and ceilings are painted. The coefficient of 
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Fia. 4. Tuirp-Story PLAN or RESEARCH RESIDENCE 


heat transmission for this wall section is 0.25* B.t.u. per sq. ft. per. hr. 
per deg. F., at a wind velocity of 15 mi. per hr. The walls are not 
insulated, and no weather stripping is used on the windows and doors. 
The total heated space in winter, including the sun-room, is approxi- 
mately 17 540 cu. ft. and the heat loss at an indoor-outdoor tempera- 
ture difference of 70 deg. F. is approximately 137 570 B.t.u. per hr. 
The Residence has a total of 50 windows and two outside doors, and 
the ratio of total exposed window and door area to the net wall area 
is 22.4 per cent. The room arrangement and exposures are shown in the 
floor plans in Figs. 2, 3 and 4. 

For the purpose of this investigation the sun-room was isolated 
from the rest of the house by closing the doors leading into the dining 
room. The entire third story was regarded as an attic, and during the 
daytime was isolated from the rest of the house by closing the door at 
the head of the stairs. With the exception of the space above the 
northwest bedroom and the small spaces adjacent to the dormer 
windows, the third story had hardwood floors laid on pine sub-flooring. 
The small spaces adjacent to the dormer windows were not floored, 
and in the space above the northwest bedroom one inch of insulating 
blanket was nailed to the upper edges of the floor joists. Hence, prac- 


*American Society of Heating and Ventilating Engineer’s Guide for 1934. 
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tically all second-floor ceilings were at least equivalent to lath and 


plaster with flooring above it. The total space cooled consisted of three 


rooms and a breakfast nook on the first story, and three bedrooms and 


ce A aia tala 


a bathroom on the second story, together with the two interconnecting 


halls, making in all approximately 14 170 cu. ft. The total calculated 


heat gain for an outdoor-indoor temperature difference of 11 deg. F. 
was 37 500* B.t.u. per hr. No cooking was done in the kitchen, but 
the heat transmitted through the doors from the sun-room, which was 
not ventilated by opening the windows, tended to offset any reduction 


in cooling load arising from the fact that no cooking was done. For all 


tests, with the exception of one series made during the first summer, 
the Residence was equipped with a total of 19 awnings which were 
placed at all east, south, and west windows. The awnings were of the 
hood type with rope pull-up, consisting of a top and two wings with 
an 11 in. valence all around. They were made from 10 oz. duck, and 
had gray and green stripes. Unless otherwise specified, the state of 
the Residence was the same for the work done during the three 
summers. 


5. Forced-Air System.—For the purpose of this investigation the 
forced-air system used in the winter for heating the Residence was 
utilized as the distributing system to deliver the cooled air to the 
rooms and to return the warmed air through the cooling coil to the 
suction side of the fan. This system has been described in detail in 
Engineering Experiment Station Bulletin No. 266, and the basement 
plan, showing the duct system as modified for summer cooling, is given 
in Fig. 5. Under winter conditions the fan drew the cool air from the 
rooms through one main and two auxiliary return ducts and delivered 
it into the furnace casing. From the furnace casing the warmed air 
passed into the distributing duct system and was delivered into the 
different rooms through registers. For summer cooling the system was 
modified by blocking the two auxiliary return ducts and the delivery 
ducts leading to sun-room and third story. It was also necessary to 
readjust the dampers in the distributing ducts in order to obtain a 
proper balance of the cooling required on the two stories. During 
winter operation the fan delivered 1675 cu. ft. of air per min. Under 
summer conditions the fan drew warm air from the rooms and de- 
livered cooled air through the distributing duct system and registers. 
Owing to the increased resistance of the modified system, the capacity 

*Based on the outdoor design dry-bulb temperature of 91 deg. F. for Urbana, Illinois, and 


the method of calculation for design load as recommended in the American Society of Heating 
and Ventilating Engineer’s Guide for 1934. 
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of the fan was somewhat reduced. With one exception the registers on 
the delivery side of the system were of the baseboard type. In the 
east bedroom a wall type register located 7 ft. above the floor was 
used on some of the tests. 


6. Plant for Cooling with Ice——For the first series of tests a plant 
using ice as the cooling medium was selected in preference to one using 
mechanical refrigeration, because it was considered that the cooling 
load on the Residence could be conveniently and accurately determined 
from the weight of ice melted, while the determination of the refriger- 
ation load for the mechanical plant offered complications in testing 
that might be reflected in the accuracy of the results. At this time, 
no consideration was given to any possible relative merits in the two 
types of plants from ¢ommercial or other standpoints. 
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The arrangement and details of the cooling plant are shown in 


Fig. 6. A cooling coil, through which ice water was circulated, was 
located in a by-pass in the return air duct, and the air to be cooled 
was passed over the outside surface of the coil and back into the return 
air duct before going to the fan. The sections of the cooling coil 
were connected in series, and the flow of water was in the opposite 
direction to that of the air, thus forming a counter-flow arrangement. 
Two sections of coil were used, each section consisting of three rows 
of finned tubing set in headers. The coil contained a total of 308 
linear feet of 34-in. tubing having helical fins, spaced 6 fins per inch. 
The over-all diameter of the tubes, including the fins was 1% inches. 
The inside dimensions of the casing were 27% in. by 49% in. Since 
the two sections of the coil were used in tandem, the gross or face area 
presented to the flow of air was 9.5 sq. ft., and the net free area was 
4.2 sq. ft., giving a ratio of free area to gross area of 44.3 per cent. 
The total cooling surface was 473 sq. ft. A drip pan at the bottom of 
the casing for the coil served to collect the condensation resulting from 
the dehumidification of the air, and from the drip pan the conden- 
sation was drained into a bucket placed on platform scales. 

The chilled water was pumped from the bottom of the ice tank, 
shown in Fig. 6, and passed through the cooling coil. A calibrated 
water meter and a thin plate orifice were included in the water line. 
The orifice was used as an indicator to control the flow of water 
through the coil. After passing through the coil, the water was re- 
turned to spray heads in the top of the ice tank, and sprayed over the 
ice. The latter was placed on racks, and both the circulating water and 
the meltage from the ice accumulated in the bottom of the tank. The 
water space was connected to a weir box, shown as section B-B in 
Fig. 6, containing a drain pipe which faced upward. This drain pipe had 
a sharp edge that served as a weir and maintained the water at a con- 
stant level just below the ice racks. All of the water that drained 
out of the weir box, therefore, represented the ice meltage that oc- 
curred during the time that the drain pipe was open. By allowing 
this water to collect in a pan on scales, it was possible to determine 
the ice meltage for any period of time desired. 

All of the air used for cooling was taken from the rooms and re- 
circulated, and the fan delivered approximately 1475 cu. ft. of air per 
min. computed at a density of 0.0749 Ib. per cu. ft. The plant was 
operated to maintain a constant dry-bulb temperature in the rooms of 
the Residence, and no attempt was made to control the relative humid- 
ity so as to obtain any specified percentage. The control of the dry- 
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a 
bulb temperature was obtained by means of a modulating by-pass 
damper operated from a thermostat located in the dining room. This 
damper, shown in Fig. 6, operated so as to cause part of the return air 
to pass through the cooling coil. The cooled air was then mixed with 
the balance of the return air on the suction side of the fan, and the 
mixture was delivered through the furnace casing into the distributing 
duct system. The amount of air thus by-passed and cooled was at all 
times just sufficient so that, when it was mixed with the balance of the 
return air, the resulting temperature of the mixture delivered through 
the registers was that required to maintain the desired dry-bulb tem- 
perature in the rooms. This method of control was selected in 
preference to any method involving intermittent operation of the fan 
or water pump because under conditions of continuous operation it was 
possible to obtain accurate determinations of the amounts of air circu- 
lated and ice melted. Under conditions of intermittent operation there 
is always some doubt concerning the proper weighting of the averages 
and the interpretation of the results. Since no question of re-heating 
the air to obtain control of both temperature and humidity was in- 
volved, the heat absorbed by the cooling coil was the same as the heat 
given up by the air, and also the same as the total heat gain of the 
building. Hence, the same final temperature of the air would be 
required to maintain a given dry-bulb temperature, and it made no 
difference whether all of the air was passed through the coil and 
brought to this temperature, or whether part of the air was cooled to a 
lower temperature and then mixed with the balance in such proportions 
as to give the required final temperature. There is no reason to believe 
that the method of control would have any effect on the amount of 
cooling required under given outdoor conditions, provided the same 
degree of refinement in the regulation could be obtained in each case. 


7. Plants for Cooling with Air from Outdoors at Night—These 
tests involved taking air from the outdoors at night and circulating it 
through the Research Residence. This was accomplished either by 
opening the windows and relying on natural ventilation unaided by 
the use of a fan, by opening the windows and making use of the fan 
in the forced-air system, or by opening the windows and making use 
of a special fan installed in the attic. The first arrangement will here- 
after be designated as natural ventilation, the second as the basement 
fan, and the third as the attic fan. 

The arrangement of the forced-air heating plant making use of the 
basement fan is shown in Fig. 5. When used for circulating air from 
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the outdoors at night, all of the return air ducts were blocked so that 
the fan could not take any air from the rooms. For a few tests the — 
outdoor air was taken into the fan through a connection from the 
nearest window. This connection was found to restrict the flow of air, 
however, and for later tests it was removed, and the fan was allowed 
to take air directly from the basement through an opening in the duct 
on the suction side of the fan. When this was done the basement door 
was opened to permit the entrance of air from outdoors. The fan 
delivered from 1740 to 2120 cu. ft. of air per min. computed at a 
density of 0.0749 lb. per cu. ft. 

The arrangement of the attic fan is shown in Fig. 7. A 24-in. fan 
was installed in the doorway at the head of the stairs leading from the 
second to the third story. Thus the air was delivered into the attic 
space at a point approximately centrally located with respect to the 
horizontal plane of the third story. It was allowed to escape through 
windows on all sides. The use of a box and hinged damper on the 
suction side of the fan, as shown in Fig. 7, permitted outdoor air to be 
drawn into the open first- and second-story windows at night, or to be 
drawn through a duct from a third-story window in order to provide 
positive ventilation for the third story during the day. This arrange- 
ment did not interfere with the full capacity of the fan for circulating 
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the air at night, and the somewhat reduced capacity was more than 
sufficient for ventilating the attic during the day. The fan delivered 
approximately 4000 cu. ft. of air per minute. 


8. Plant for Cooling with Mechanical Refrigeration —For the pur- 
pose of these tests the forced-air heating system was modified as shown 
in Fig. 5 and discussed in Section 5. This plant differed from the one 
used for cooling with ice in that provision was made for taking in 
approximately one air change per hour of outdoor air to be used for the 
purpose of ventilation during the operating periods of the plant. The 
arrangement of the cooling plant is shown in Fig. 8. The condensing 
unit consisted of a double-pipe condenser and a four-cylinder com- 
pressor driven by a 3 h.p. motor. This unit was self-contained. Cool- 
ing was accomplished by direct expansion of Freon in an evaporator 
unit placed in a by-pass in the central, or main, air return duct. The 
evaporator unit or cooling coil consisted of 32 rows of finned copper 
tubing placed 4 rows deep in the direction of air flow and 8 rows high 
measured along the vertical axis of the air duct. The tubes were %4 in. 
outside diameter and had 6 fins per inch. The overall diameter includ- 
ing fins was 1% in. The evaporator, as installed in the duct, was 17 in. 
high and 30 in. wide. The gross or face area presented to the flow of 
air was 3.54 sq. ft. and the net or free area was 2.18 sq. ft. giving a 
ratio of free area to gross area of 61.5 per cent. The coil contained a 
total of 80 lineal feet of tubing and had a total cooling surface of 122 
sq. ft. The nominal rating of the condenser and evaporator units as 


22 ILLINOIS ENGINEERING EXPERIMENT STATION 


used was 21 700 B.t.u. per hour with refrigerant temperature of 32 deg. 
F., water temperature of 80 deg. F., and ambient air temperature of 
100 deg. F., or 29 500 B.t.u. per hour with refrigerant temperature of 
32 deg. F., and water temperature of 60 deg. F., with an air velocity 
of approximately 350 f.p.m. across the 3.54 sq. ft. of face area. 

The operation of the refrigerating machine was controlled by means 
of thermostatic expansion valves having the thermostatic bulbs 
clamped to the tubes of the evaporator, and a water control valve so 
designed that the degree of opening for the flow of the condenser water 
was controlled by the condenser pressure. The latter also operated to 
shut off the supply of water to the condenser when the machine was 
not running. The operation of the cooling plant as a whole was con- 
trolled by means of a room thermostat placed in the hall on the see- 
ond story, and this served to start and stop the refrigerating machine 
in accordance with the cooling load required to maintain constant room 
temperature. 

In order to provide for both heating in the winter and cooling in 
the summer, the evaporator, or cooling coil, was installed in a by-pass 
in the central return duct, as shown in Fig. 8. For the summer work, 
the duct was blocked with tightly-fitting dampers at B and C, and all 
of the air delivered to the fan in the forced-air system passed through 
the cooling coil when the air in the house was being recirculated. For 
the purpose of providing outdoor air for cooling during the night, a 
slide damper, H, was placed in the by-pass on the down-stream side of 
the cooling coil, and a door, F, was placed in the recirculating duct 
just ahead of the fan. When outdoor air was required, the basement 
door and the door in the recirculating duct were opened, and the slide 
damper was closed. The fan in the forced-air system delivered ap- 
proximately 1260 cu. ft. of air per minute when recirculating the air in 
the house and 2180 cu. ft. per minute when using outdoor air at night. 
Outdoor air, for the purpose of ventilation during the periods when the 
cooling plant was operating, was provided by means of the duct shown 
as “Detail A” in Fig. 8. This duct contained a venturi sectidn for 
the measurement of the volume of air delivered, and it was necessary 
to use a small fan in order to deliver the equivalent of approximately 
one air change per hour. Wet- and dry-bulb temperatures of the air 
and inlet and outlet temperatures of the condenser water were meas- 


ured by means of thermocouples or thermometers placed at points 
indicated in Fig. 8. 


9. Room Cooling Units——A few tests were run making use of room 
cooling units to cool the living room alone and also the entire first 
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story of the Residence. The two types of commercial room cooling 
units used are shown in Fig. 9, and their location in the living room 
is shown in Fig. 2. The first story had a total net volume of 7300 cu. 
ft. The living room, with a north, east, and south exposure was 13 ft. 
6 in. by 20 ft. It had a ceiling height of 8 ft. 11 in., and a total net 
volume of 2410 cu. ft. This room contained 6 windows, having a total 
exposed glass area of 90 sq. ft. 

Unit A was a portable insulated ice chest, consisting of two com- 
partments, one located above the other. The upper compartment was 
for ice storage, with a maximum capacity of 300 lb. of ice when fully 
loaded, while the lower compartment formed a tank for holding the 
melted ice and water collected from the dehumidification of the air. 
The ice compartment was provided with special metal surfaces, in 
contact with the ice on one side and exposed to the air on the other; 
the side exposed to the air having extended fins which materially 
increased the heat transfer from air to ice. The warm air from the 
room, entering through a grilled opening in the front of the unit, Fig. 
9, passed under and up the back side of the ice compartment in direct 
contact with the ice, and with the cold, finned, metal surfaces, into the 
suction inlet of the twin-rotor centrifugal fans. The latter ejected 
the cooled air into the room from the top of the cooling unit. The 
water resulting from the r~lting of the ice, together with any conden- 
sation of moisture resulting srom the dehumidification of the warm 
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room air as it came into contact with the ice and cooling surfaces, was — 


drained into the tank in the lower compartment. 


For test purposes, this unit was mounted on a portable platform : 
scale, which was sensitive to 0.01 lb., and both the ice meltage and 


dehumidification rates were determined by direct weighing. 


Unit B, Fig. 9, consisted of an insulated ice storage tank of 500 lb. . 


capacity, located in the basement, and a cooling unit placed in the 


living room on the first floor, Fig. 2. The cooling unit consisted of an — 


attractively finished cabinet, which enclosed the extended surface 
cooling coil, dehumidification drip-pan, and fans. The cold water was 
pumped from the storage tank through the cooling coil, over which 
the warm room air was circulated by means of a twin-rotor centrif- 
ugal fan which could be operated at three different running speeds. 
For the tests under discussion the lowest fan speed was used. The 
moisture condensed out of the air drained from the cooling coil into a 
shallow drip pan beneath the coil from which it was collected and 
weighed. 

It should be noted that neither unit A nor unit B made any pro- 
vision for introducing air from outside of the house, but merely 
recirculated the air in the room. 


10. Instruments and Apparatus—The Research Residence is 
equipped with an extensive system of copper-constantan thermocouples 
for the purpose of obtaining the temperature of the air at different 
points in the forced-air system, surface temperatures at different 
points in the structure, and any other incidental temperatures for 
which thermocouples are particularly adapted. The thermocouple 
leads are all brought to a constant temperature box from which copper 
leads are run to a central switch system. A single cold junction im- 
mersed in melting ice is used, and all thermocouples are calibrated in 
place. The electromotive force is read by means of a precision 
potentiometer used in connection with a sensitive suspension type of 
galvanometer equipped with a mirror to reflect a beam of light; 

In each room a standard located in the cental axis of the room 
bears three mercury thermometers, one placed four inches above the 
floor, one at the 5-ft. level, and one four inches below the ceiling. In 
addition to the thermocouples and thermometers, nine recording dry- 
bulb thermometers were used for the studies in summer cooling. Other 
instruments used included wet- and dry-bulb mercury thermometers, 
an aspirating psychrometer, indicating and integrating wattmeters, 
platform scales, and water meters. 
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III. Test Procepure 


11. General—During each successive summer, irrespective of the 
type of plant used for cooling, continuous records were made, by 
means of temperature recorders, of the following air temperatures: 
outdoor, living room, dining room, kitchen, first- and third- -story halls, 


east bedroom, southwest bedroom, and northwest bedroom. A con- 
tinuous record was also made of the outdoor air-taken in for venti- 


lation in case such auxiliary ventilation was employed. Wet- and 
dry-bulb temperatures of the air entering and leaving the cooling coil 
were observed at regular intervals by means of wet- and dry-bulb 
mercury thermometers. Other incidental air temperatures were also 
observed periodically. Relative humidities both indoors and outdoors 
were observed by means of an aspirating psychrometer. The outdoor 
dry-bulb reading on this psychrometer served as a basis for correcting 
the outdoor temperature read from the recorder chart. Surface tem- 
peratures of the outside surface of the roof, the outside and inside 
surfaces of the north, south, and west walls, and of the under surfaces 
of the ceilings in the northwest bedroom, the east bedroom, and the 
living room were obtained periodically by means of thermocouples. A 
few observations were also made of the temperature of the upper sur- 
faces of tables in the dining room and east bedroom. These data were 
plotted on a continuous chart with time as a base. This chart furnished 
a complete history of the variations in indoor and outdoor conditions, 
both during the periods of tests and the periods preceding and follow- 
ing tests, and was used as a basis for the analysis of the results. 

The volumes of air delivered by the fans and passing through the 
cooling coil were computed from velocity traverses made by means 
of Pitot tubes. The density of the air varied from day to day and was 
not the same in different parts of the system. Any statement of air 
volume without a statement of the accompanying density is incom- 
plete. Hence, in order to avoid the necessity for stating the density 
each time that an air volume is mentioned, all air volumes in this 
bulletin have been consistently stated in terms of the equivalent air 
volume at a temperature of 70 deg. F. and an absolute pressure of 
29.92 ins. of mercury; i.e. at a standard density of 0.0749 lb. per cu. ft. 
Air velocity, however, is stated as the existing velocity at the density 
actually prevailing. A statement of air quantities in terms of weight 
of air is more satisfactory than one in terms of air volume. However, 
this method has not been generally adopted in practice, and all air 
quantities in this bulletin have been given in terms of air volumes, with 
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TABLE 1* 
DestraBie Inpoor Air Conpitions IN SuMMER CorRESPONDING TO OUTDOOR 
TEMPERATURES 


Applicable to exposures of less than 3 hours 


es 
ETD 


ee tae Indoor Air Conditions with Dew-Point Constant at 57 deg. F. 
Dry-Bulb Wet-Bulb Effective Temperature 
Dry-Bulb net F. deg. F. deg. F. 
95 80.0 65.0 73 
90 78.0 64.5 72 
85 76.5 64.0 71 
80 75.0 63.5 70 
75 73.5 63.0 69 
70 72.0 62.5 68 


*Reproduced from the American Society of Heating and Ventilating Engineers Guide for 1934, 
Table 2, page 33. 


the addition of air weights in cases where such air weights enter into 
the computation of heat quantities. 


12. Cooling with Ice—The total period over which observations 
were made extended from June 1 to October 1, 1932, and during all 
weather warm enough to make artificial cooling desirable all windows, 
including those on the third story, remained closed. For a few of the 
preliminary tests on days requiring cooling, an attempt was made to 
maintain the relation between outdoor temperature and desirable 
indoor temperature given in Table 1. It at once became evident, how- 
ever, that after the outdoor temperature had reached a peak value and 
started to decline, it was necessary progressively to reduce the indoor 
temperature in order to maintain the schedule. This procedure imposed 
a load on the plant that was regarded as outside of the practical limits 
of operation. Furthermore, if the conditions indoors were conducive 
to comfort during the peak outdoor temperature, there was nothing 
to indicate that the maintenance of these conditions resulted in dis- 
comfort after the peak had been passed. This matter is more fully 
discussed in Section 43. f 

The following method of operation was therefore adopted as a 
standard: The cooling plant was started when the effective tempera- 
ture* indoors rose to 75 deg. F., irrespective of the outdoor tempera- 
ture. This occurred when the indoor dry-bulb temperature reached 
a value between 78 and 81 deg. F., depending on the relative humidity. 
After starting the plant, the dry-bulb temperature was maintained 
approximately constant through the action of the thermostatically 


*See Appendix A for an explanation of effective temperature. 
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controlled by-pass damper. When the cooling load decreased until 
the by-pass damper remained closed for some time, thus passing no 


air through the cooling coil, both the fan and water pump were 
stopped, providing that the outdoor temperature was appreciably 


lower than that indoors. This usually occurred at night, but some- 


times occurred in the daytime resulting from sudden change in weather 
conditions. The plant was not started again until the indoor effective 
temperature rose to 75 deg. F. If the outdoor temperature at night 
did not drop appreciably below 80 deg. F., the plant ran continuously 


day and night. Owing to the reduction in relative humidity after the 


plant had been in operation for about 11% hours, the resulting effective 
temperature corresponding to the operating dry-bulb temperature of 
from 78 deg. F. to 81 deg. F. ranged from 72 deg. F. to 74 deg. F. 

A calibration test on the plant, with the by-pass damper opened 
to pass the maximum amount of air through the cooling coil, indicated 
that if the temperature.of the air at the registers was not allowed 
to fall below 60 deg. F., 396 gallons of water per hour had to be cir- 
culated through the coil. Since the plant was controlled with the by- 
pass damper and it was not possible, within the limits of the time 
available, to determine the optimum amount of water to be circulated 
under various conditions, all tests were run with 396 gallons of water 
circulated per hour at a pressure of 23 lb. per square inch. The water 
entered the coil at about 35 deg. F. The amount of water circulated 
was measured by means of a calibrated water meter and the flow was 
controlled by maintaining a constant pressure drop across a thin plate 
orifice. The quantity of air circulated was obtained from traverses 
made with a Pitot tube at the fan outlet. 

The dampers in the ducts were set to balance the plant with all 
of the room doors closed. When the plant was operated with the room 
doors open, the balance was not disturbed. 


13. Cooling with Air from Outdoors at Night.—The first study of 
cooling with air taken from outdoors at night extended over the period 
from May 23 to September 23, 1933. During the progress of this 
study it became evident that the practice of allowing first-story win- 
dows to remain open all night might be subject to criticism from the 
standpoint of the householder. Studies were therefore undertaken in 
which only the second-story windows were opened at night, and these 
studies were continued over the period from June 1 to June 20, 1934. 
Twenty-four hours of operation constituted a test, and for all tests, 
with the exception of those in Series 12-33, the attic was ventilated by 
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natural circulation through the windows during the day. This was ac- 


complished by opening all of the windows in the attic except the one — 


opposite the door at the top of the stairs. At night, the natural circu- 
lation in the attic was employed for all series except those involving 
the attic fan. In the latter case the fan delivered into the attic the 


air drawn from the first and second stories, and the circulation was” 


outward through the attic windows. For the tests on which the first- _ 


story windows remained closed, eleven windows on the second story 4 
were opened by raising the lower sash to the full extent. Two windows | 
which were opposite air registers and one window at the second-story — 


stair landing remained closed. During all of these tests, the general 
observations discussed in Section 11 were made, and the Residence 
was operated strictly on the schedules described in connection with 
the following discussion of the different test series: 


Series 1-33. Restricted Natural Ventilation 
Eight windows, four on the first story and four on the second, were 
opened halfway at 9 p.m. and closed at 6 a.m. on the following morn- 
ing. The attic door was kept closed. 


Series 2-33. Maximum Natural Ventilation 

All windows on both stories were opened wide from the bottom, 
and the attic door was opened at 6 p.m. and closed at 6 a.m. on the fol- 
lowing morning. 

Series 3-33. Restricted Basement Fan Circulation 

Hight windows, four on the first story and four on the second, were 
opened halfway and the basement fan was started, circulating outdoor 
air, at 9 p.m. The windows were closed and the fan stopped at 6 Av™M. 
on the following morning (comparable with Series 1-33). The fan 
delivery was 1740 c.f.m., or 7.4 air changes per hour. 


Series 4-33. Basement Air Recirculation 
Basement air was recirculated for a short period in the, early 
evening hours with the house closed. This was followed by circulation 
of outdoor air by the basement fan with all the house windows opened 
wide (1 window in each of 3 second-story rooms was opened from the 
top), and the attic door was opened. The windows were closed and 
the fan stopped at 6 a.m. on the following morning. 


Series 5-33. Maximum Basement Fan Circulation 


All windows were opened wide (1 window in each of 3 second-story | 


rooms was opened from the top), the attic door was opened, and the 
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basement fan started circulating outdoor air at 6 p.m. The windows 
were closed and the fan was stopped at 6 a.m. on the following morn- 
ing (comparable with Series 2-33). The fan delivery was 2120 c.f.m., 
or 9.0 air changes per hour. 


Series 7-33, Attic Fan Circulation with Windows Opened 
Half Way (except Halls) 


_ The fan was operated from 6 p.m. to 6 a.m. on the following morn- 
ing (comparable with Series 2-33 and 5-33). The air delivery was 
aa c.f.m., or 16.6 air changes per hour. 
bg Series 8-33. Attic Fan Circulation with Windows Opened 
i Wide (except Halls) 
Same as Series 7-33, except that all of the windows were opened 
wide. There was no difference in air delivery. 
; Series 10-33. Attic Fan Circulation with Only Second- 
Story Windows Opened Wide 
The fan was operated from 6 P.M. to 6 a.m. on the following morn- 
ing. The air delivery was 3940 c.f.m., or approximately 33.2 air 
changes per hour on second story. 
Series 11-33. Natural Ventilation with Only Second- 
Story Windows Opened Wide 
Same as Series 10-33, except with natural ventilation in effect. The 
attic door was open. 


Series 12-33. Attic Fan Circulation in Day Time Through Attic Space Only 
Night air circulation was the same as in Series 8-33 with attic fan 
circulation. 


Series 5-34. Basement Fan Circulation with Only Second- 
Story Windows Opened Wide 


The second-story windows and the attic and basement doors were 
closed at 6 A.M., and the fan was stopped. The house remained closed 
during the day, with no attempt made to control the indoor tempera- 
ture. The second-story windows and the attic and basement doors 
were opened at 6 P.m., and the fan was started. During the night the 
fan took air from outdoors and delivered it into the rooms through the 
duct system. The fan delivery was 2180 c.fm., or 9.2 air changes 
oer hour. : 


Series 6-34. Basement Fan Circulation with Only Second- 
Story Windows Opened Wide 


Same as Series 5-34, except that the windows were closed and the 
‘an was stopped at 7 A.M. instead of 6 a.M. 
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For the purpose of comparing the fan circulation with natural 
ventilation, these series may be divided into three related groups. The — 
first group consists of Series 1-33 and 3-33; the second of Series 2-33, 
5-33, 7-33, and 8-33; and the third of Series 10-33, 11-33, 5-34, 


and 6-34. | 


14. Cooling with Air from Outdoors at Night Supplemented by — 
Cooling with Ice during Day——In two series of tests cooling with out-_ 
door air at night was supplemented either by using a restricted amount 
of ice in the cooling plant during the day, or by using a room-cooling 
unit located on the first story. The test procedure was essentially the — 
same as that discussed in Section 13, and the Residence was operated 
on the following schedules: 


Series 6-33. Day Cooling with Ice Plant 
The ice plant was operated in the day time until the outdoor 
temperature had dropped below the indoor temperature, when cooling 
with air from outdoors at night was started, making use of natural 
ventilation, the basement fan, or the attic fan, as in Series 2-33, 5-33, 


or 8-33. 
Series 9-33. Room Cooling Unit on First Story 


The room-cooling unit was operated on the first story in the day 
time. Cooling with air from outdoors at night with the attic fan was | 
the same as in Series 7-33 and 8-33 except for the starting time. : 

When cooling with outdoor air at night was supplemented by 
cooling with ice during the day, as in Series 6-33, the total ice meltage 
was restricted to a maximum of 700 lb. per day. Since the period of 
maximum demand usually did not extend over a period of more than | 
approximately 5 hours, the rate of meltage was adjusted so that if | 
necessary the total 700 lb. could be used in 5 hours. After closing the 
windows and stopping the fan in the morning the indoor temperature 
was allowed to rise until it reached 81 deg. F., and then the cooling 
plant was started. The plant was allowed to operate at a constant | 
rate until the entire 700 lb. of ice was melted, unless the indoor 
temperature fell below 79 deg. F., or unless the outdoor temperature 
dropped more than 3 deg. F. below the inside temperature. In the case | 
first mentioned, the cooling-plant was stopped until the inside tem- 
perature again rose to 81 deg. F. In the second case the cooling plant 
was stopped for the night, the windows were opened, and the fan | 
started. Whenever the plant was stopped before the time that the 
windows were opened, the pump was stopped, thus discontinuing the 
circulation of water through the cooling coil, but the fan was allowed. 
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0 Tun in order to maintain recirculation of the air in the house. The 
-deg. F. difference between indoor and outdoor temperatures was 
allowed in order to provide for the difference in relative humidity in- 
doors and outdoors. The latter difference was such that it required 
bout 3 deg. F. lower dry-bulb temperature outdoors in order to have 
the same effective temperature both indoors and outdoors. If the 
indows were opened before these two effective temperatures were 


equalized it resulted in an undesirable increase in effective tempera- 
ture indoors. 


15. Cooling with Mechanical Refrigeration—This study extended 
er the period from July 20 to August 10, 1934, and observations of 
‘general data were made as discussed in Section 11. All windows on 
the first and second stories remained closed both during the day and 
at night, but the windows in the attic, with the exception of one op- 
posite the door at the top of the stairs, were allowed to remain open. 
5 During this series of tests outdoor air amounting to approximately 
one air change per hour was introduced, as shown in Fig. 8, for the 
purpose of ventilation. The fan delivered approximately 5.3 air 
changes per hour through the cooling coil, of which 4.3 air changes 
per hour were recirculated air and one change per hour was taken from 
outdoors. The Residence was operated on the following schedule: 


Series 4-34. Artificial Cooling During the Day Not Supplemented 
by Circulation of Outdoor Air at Night 


The second-story windows were not opened during the 24 hours. 
The fan was run continuously during the 24 hours, delivering through 
the cooling unit both the recirculated air and the one air change per 
hour admitted for ventilation. The cooling plant was allowed to 
operate with thermostatic on and off control maintaining 81 deg. F. 
on the second story, which corresponded to an average of 80 deg. F. 
for the house. 

During the periods over which the plant was in actual operation, 
observations were made of the weight of water circulated through the 
condenser and water jackets on the compressor, the temperature of 
the water entering and leaving the condenser and jackets, the tempera- 
ture of the refrigerant entering and leaving the evaporator and at the 
thermostatic control bulb on the evaporator, the head and suction 
pressures, and the electrical inputs to the compressor and fan motors. 
The weight of condenser water was obtained by means of a calibrated 
water meter and the air quantities were obtained from traverses made 
with Pitot tubes at section D in the central return duct and at the 
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venturi section in the ventilating air duct, as shown in Fig. 8. The 
total duration of the running time was recorded by means of an elec 

trical clock connected into the circuit for the compressor motor so thea 
the clock operated while the compressor was running and stopped when | 


the compressor stopped. é 


16. Cooling with Mechanical Refrigeration During Day Sup- 
plemented by Cooling with Air from Outdoors at Night—This study 
extended over the periods from June 20 to July 20, 1934 and from 
August 10, to September 16, 1934. The windows on the first story re- 
mained closed both during the day and at night. The windows in the 
attic, with the exception of the one opposite the door at the top of 
the stairs, remained open. For the purpose of cooling at night, eleven 
windows on the second story were opened by raising the lower sash to 
the full extent. Two windows which were opposite air registers and 
one window at the second-story stair landing. remained closed. Out- 
door air for ventilation was introduced in a manner similar to that 
discussed in Section 8, except that on this series of tests there was 
one period of the day, extending from the time that the windows were 
closed until the temperature in the rooms rose to 81 deg. F. and the 
cooling plant was first started, during which no outdoor air was in- 
troduced for ventilation. The general observations made were similar 
to those discussed in Section 11, and the observations made on the 
cooling plant itself were similar to those discussed in Section 15. The 
Residence was operated on the following schedule: 

Series 3-34, Artificial Cooling During the Day Supplemented 
by Circulation of Outdoor Air at Night 

The second-story windows and the attic and basement doors were 
closed at 7 a.m., and the basement fan, which had been delivering out- 
door air through the system, was stopped. When the temperature of 
the indoor air on the second story rose to 81 deg. F., the cooling plant 
was started, with the fan delivering through the cooling unit both the 
recirculated air and the outdoor air admitted for ventilation. The 
former was equivalent to 4.3 recirculations of the air in the house, and 
the latter was equivalent to one air change per hour, making a total of 
5.3 air changes per hour delivered by the fan. The fan was run con- 
tinuously through both on and off periods of the refrigerating unit. 
The cooling plant was allowed to operate with thermostatic on and off 
control, maintaining 81 deg. F. on the second story until the effective 
temperature outdoors became equal to the effective temperature on the 
second story indoors, as discussed in Section 14. The refrigerating 


ae ae ee re i" 


INVESTIGATION OF SUMMER COOLING IN RESIDENCE 33 


unit was then stopped, the second-story windows and attic door were 
opened, the dampers were set and the basement door was opened, so 
that the fan delivered outdoor air through the duct system, the fan 
continuing to run until 7 am. The fan delivery was 2180 c.fm., or 
, air changes per hour. 


17. Cooling with Room Cooling Units—During these tests all of 
the windows in the Residence on the east, south, aid west sides, which 
were exposed to the sun at some time in the day, were Bhadet with 
“awnings, and the average occupancy was one person per room. A 
few preliminary tests were run to determine a practical operating 
schedule for the maintenance of indoor temperatures. The first method 
of operation involved maintaining the indoor dry-bulb temperature at 
_a value of 10 deg. F. less than the outdoor dry-bulb temperature. The 
“second method involved maintaining the schedule of desirable indoor 
temperatures given in Table 1, Section 12. In the case of the third 
‘method the indoor effective temperature was allowed to rise to 75 deg. 
F. before the cooling unit was started. This usually occurred when the 
indoor dry-bulb temperature reached a value between 78 and 82 deg. 
F., depending upon the prevailing relative humidity. The cooling unit 
was then started and the dry-bulb temperature was maintained con- 
stant during the remaining period of the test. As indicated by the 
‘discussion of test results in Section 43, this third method proved to 
be the most practical and was therefore adopted for all tests. 

As stated in Section 9, cooling unit A was mounted on a portable 
platform scale which was sensitive to 0.01 lb., and both the ice meltage 
and the dehumidification rates were determined by direct weighing. 
At the start of each test the cooling unit was charged with ice, 
thoroughly pre-cooled, the water drained out, and the gross weight 
of the unit and ice was observed. It was then operated to maintain 
the required indoor dry-bulb temperature as determined by the third 
method previously discussed, and at the end of each hour the ice melt- 
age and dehumidification were drained directly into a separate con- 
tainer and weighed, as shown in Fig. 9. At the same time, after the 
water had been drained out, the gross weight of the unit and ice was 
observed, and the net ice meltage was obtained from the difference 
in these hourly readings. Since the water drained from the unit each 
hour consisted of both the ice meltage and the moisture condensed out 
of the air, the net amount of moisture condensed was determined 
from the difference between the total weight of water collected and 
the net weight of ice melted. By this method of procedure both the 
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hourly rates of ice meltage and dehumidification were very satisfac- 
torily obtained without handling the ice or the unit. 
The majority of the tests with this unit were made with the unit 


located in the living room of the Residence, Fig. 2, but several tests 


were also made with it located in the dining room or in the hall. When 
located in the living room or in the dining room, the doors between 

that room and the hall were closed, confining the cooling entirely to 
the one room. When located in the hall, the doors to the living room 
and dining room were opened and the entire first story was cooled. } 

In the case of cooling unit B the amount of heat absorbed from 
the air could be determined either by weighing the meltage from the 
ice or by using the weight of water circulated through the coil and 
the temperature rise of the water. It was found, however, that 
although the temperatures of the entering and leaving water responded | 
very quickly to the operation of the fan (Fig. 32), there was sufficient 
lag in these temperatures after the fan was started and stopped to 
make it difficult to accurately determine their average values. Since 
the total temperature rise was of such small magnitude that a slight 
variation in either temperature resulted in a comparatively large vari- 
ation in the temperature rise, and hence in the computed heat quanti- 
ties, this method of measuring the heat absorption was replaced by 
the more direct method of weighing the ice melted during a test. | 

Previous to the start of a test the water in the tank and system 
was pre-cooled. The weight of the initial charge of ice, and subsequent 
charges during a test were then accurately observed. At the end of 
a test the amount of ice remaining in the tank was deducted from the 
total amount charged, giving the net amount used in cooling and de- 
humidifying. The moisture condensing on the cooling coil was drained 
into a container and weighed directly. 

All of the tests with unit B were conducted with the cooling section 
of the unit located near the north wall of the living room, on the 
first floor, as shown on the floor plan in Fig. 2. During some of the 
tests the door from the living room to the interconnecting hallway 
was opened, and the unit allowed to cool the entire first story, con- 
sisting of the living room, the hallway, the dining room, the break- 
fast nook and the kitchen, having a total net volume of 7300 cu. ft. __ 

Unit B was operated on the same temperature schedule as that 
used for unit A. It was operated on the on and off principle, and was 
controlled by means of a room thermostat connected into the electrie 
circuit to the fan. 
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IV. Resuuts or Trsts on Coonine witn Ick 


; 18. General Results—In general, the results obtained from the 
plant used to cool the Research Residence by means of ice indicated 
that the ducts of a central forced-air heating system could be suc- 
cessfully adapted as a distributing system for cooled air without 
material alteration. In order to balance the plant when cooled air 
was circulated it was necessary to readjust the dampers so that more 
air was delivered to the second story than to the first. When the 
plant was balanced, however, the rooms were uniformly cooled with 
no indication of the existence of a pool of cold air near the floor, and 
as the sun changed position, the balance was not materially disturbed 
when the plant was controlled with a single thermostat placed in the 
dining room. An average temperature difference of approximately 
3.5 deg. F. was observed between the floor and the ceiling, and 1.8 
deg. F. between the floor and the breathing level, with the cooler 
air near the floor. The air was delivered from the registers at tempera- 
tures varying from 60 to 70 deg. F., depending on the outdoor tempera- 
ture, and at average velocities varying from 50 to 450 f.p.m. measured 
with an anemometer placed one inch from the register face. No objec- 
tionable drafts were observed in the rooms, except in one case in 
which the air was delivered from a baseboard register at a velocity of 
approximately 450 f.pm. Even in this case, conditions were easily 
corrected by employing a baffle in front of the register face in order to 
direct the air flow toward the ceiling. The best distribution of cooled 
air in the room was obtained with the wall register placed 7 ft. above 
the floor. In this case, the velocity of the air leaving the register was 
approximately 350 f.p.m. The gain in temperature of the air, from the 
fan inlet to the register faces did not exceed 3 deg. F., and con- 
densation did not appear at any time on the furnace casing or base- 
ment duct system. No insulation was used on these surfaces. The 
basement temperature remained practically constant at 70 deg. F. 
The cooling season at Urbana, Illinois, during the summer of 1932, 
extended from June 1 to October 1, with a total of 62 days on which » 
the maximum temperature reached 85 deg. F. or more. This repre- 
sented a total of 1471 degree-hours* above 85 deg. F. A total of 43.3 
tons of ice was used for the season. This total was determined by 
weighing, and represents the actual ice used for the season as in- 
fluenced by the actual conditions under which the different tests were 
*A degree-hour above 85 deg. F. is a temperature one degree in excess of 85 deg. F. main- 


tained for one hour. For any given time the number of degree-hours above 85 deg. F. is the 
product of the time and the difference between 85 deg. F. and the mean temperature for the 


period. 
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run. The maximum hourly rate of ice meltage observed was 220 lb., 
which occurred on Test P-29, when the Residence was not eee 
with awnings, and for which the maximum outdoor temperature at- 
tained was 95 deg. F. The plant had been in operation for the previous 
4 hours. The maximum meltage for any 24-hour period was 4243 lb. 
This occurred on Test P-11, when the Residence was equipped with 
awnings, and for which the maximum outdoor temperature attained 
was 103 deg. F. In this case, however, the plant had not been in oper- 
ation for the 24 hours previous to the test. 

Since the total volumes of air and water circulated were not varied 
for the different tests, the electrical input to the fan and pump motors 
Temained practically constant. The rate of power consumption for 
the fan motor was 0.265 kw., and for the pump motor was 1.25 kw. 
The power required by the pump was influenced by the pressure of 
23 Ib. per square inch required to operate the spray heads in the ice 
tank. The use of these spray heads was found necessary in order 
to break the water up into a sufficiently fine spray to prevent the 
formation of craters in the ice. These craters filled with water and in- 
terfered with the accuracy in the determination of the ice meltage. 
The gain in accuracy resulting from the elimination of the craters, 
however, was obtained by a sacrifice in the operating efficiency of the 
plant as a whole, due to the pressure required by the spray heads. In 
@ service plant, where the accurate determination of the ice meltage 
is not necessary, the spray heads could be dispensed with and the 
water showered over the ice in larger streams, thus reducing the power 
required for the pump. 

The cooling load in the basement consisted of the heat gain of the 
coil, furnace casing and duct system, and the electric load imposed 
by the fan and pump motors and the lights. Separate determinations 
of this load indicated that it remained practically constant at 45.8 lb. 
of ice per hour, or 6600 B.t.u. per hour. A stand-by loss amounting 
to 100 lb. of ice per 24 hrs. occurred during the periods over which 
the plant was not in operation, but over which the ice tank remained 
charged with ice. 

The principal results for all tests are given in Table 2. It has not 
been possible to use all of these for the curves and analyses. The 
lengths of tests were necessarily determined by the character of the 
weather. Furthermore, the total ice meltage in the case of short tests 
was largely influenced by the history of the Residence previous to the 
start of the test. On some of the shorter tests, the starting load 
formed an excessive proportion of the total ice meltage for the test. 
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Hence, many inconsistencies may be observed in comparisons base 
on the averages and totals for individual tests. It was therefore neces- 
sary, for the purpose of analysis, to group the tests made under 
comparable conditions, and in some cases the analysis has been based 
on the maximum load extending over a 4-hour period, including the 
maximum outdoor temperature. Some comparisons have been based. 
on the load corrected for basement losses, since this represented th 
part of the load influenced by the particular factor under consider-— 
ation. Furthermore, this basement load would vary for different 
plants and, by especial attention to features of design favoring higher 
operation efficiency rather than adaptability to accurate measurement 
of test data, could be very materially reduced. | 

In the test plant, the basement load was augmented by the neces- 
sity for the use of spray heads in the ice tank and by the use of more 
basement lights than would be demanded: by a service plant. Also, 
during the tests, an effective temperature (see Appendix A) of ap- 
proximately 73 deg. F. was maintained in the Residence. This con- 
dition was perfectly comfortable with the occupants clothed in light 
summer clothing. No member of the staff experienced any ill effect 
either from shock due to sudden changes in environment or from 
contracting a cold. However, the indications were that somewhat less” 
cooling would be satisfactory for residence service. Just how much 
less is debatable at present. Hence, it is possible that by varying the 
design and operation from that used for the test plant, a reduction in 
ice meltage could be made. The figures presented, however, may be 
considered as representative, with a reasonable margin of safety, of 
the cooling requirements for a two-story structure similar in construc- 
tion to the Research Residence. 


19. Graphic Logs of Tests —The operating characteristics of the cool- 
ing plant and a comparison of the actual and calculated cooling loads 
for the house can best be illustrated by the results obtained on typical 
days. For this purpose a complete graphic log covering a period of 
two 24-hour tests with the house equipped with awnings is shown in 
Fig. 10, and a similar graphic log for two 24-hour tests with the awn- 
ings removed is shown in Fig. 11. Figure 10 contains all of the data 
from the corresponding portion of the continuous chart previously 
mentioned, with the addition of effective temperatures, ice meltage, 
and calculated cooling load. In Fig. 11, the data on roof, attic, and 
ceiling temperatures have been omitted. 

From Fig. 10 it is interesting to note that the temperature of the 
copper shingles on the roof attained a value as high as 169 deg. F. 
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Fig. 10. Grarpuic Log or OBsERVATIONS—JULY 15, 16, AND 17, 1932 


At times values as high as 175 deg. F. were observed. The tempera- 
ture of the air in the attic space rose to 112 deg. F. The time shown 
between the attainment of maximum temperature for the roof surface 
and that of maximum air temperature in the attic does not represent the 
time lag of the attic space, however. The data for the roof were taken 
from the south slope, while the attic space was in a north wing, and 
the west slope of the roof above it did not receive the sun until after- 
noon. The time at which the maximum was attained in the attic space 
corresponded approximately with that for the maximum outdoor 
temperature, thus indicating comparatively no lag. The temperature 
of the surface of the ceiling below the attic reached a maximum about 
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3 hours later than that of the attic itself. In this case, the ceiling was 
insulated with one inch of insulating quilt, and the surface temperature 
never rose more than approximately 3 deg. F. above the temperature 
of the air in the room below it. An uninsulated ceiling below an attic 
space becomes in effect a large panel radiator under summer con- 
ditions, thus adding to the discomfort of the occupants of the room, 
independently of the temperature of the air itself. The use of effective 
insulation in a ventilated attic reduces the temperature of the surface 
of the ceiling and thus directly promotes comfort. The fact that it 
also effects a desirable reduction in the required cooling load is worthy 
of favorable consideration, but this may be of secondary importance 
compared with the gain effected in comfort. 


20. Daily Variation in Outdoor Temperatures—It may be noted 
from the outdoor temperature curves shown in Figs. 10 and 11 that the 
difference in temperature between the maximum in the daytime and 
the minimum during the preceding night ranged from 19 to 28 deg. F., 
and that for a period of six hours, or more, the outdoor temperature 
was at least 20 deg. F. below the maximum attained during the same 
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day. An analysis of all of the daily temperatures during the months 
from June 1 to October 1 proved that, with very few exceptions, a 
difference of at least 20 deg. F. was exhibited. The exceptions oc- 
urred when the maximum was 85 deg. F. or less. The average dif- 
ference when the maximum was from 75 to 85 deg. F. was 19 deg. F. 
For maximums between 85 and 95 deg. F., the average difference was 
23 deg. F., and for maximums above 95 oe F. it was 25 deg. F. This 
indicated tet for considerable periods at night the outdoor air con- 
stituted a reservoir from which air could be drawn in order to cool the 
residence at night, and reduce the cooling load required during the 
ollowing day. For a large portion of the time, enough cooling could 
probably be effected in this way to make it unnecessary to start the 
cooling plant the next day, particularly in the case of an insulated 
structure. It should be emphasized, however, that in order that this 
‘method might be effective, a fan large enough to circulate sufficient 
outdoor air to cool the walls and contents of the structure, and not 
merely to cool the air inside of the building, would be required. 


21. Relative Humidities and Dehumidification—Figure 10 illus- 
trates the effect of the indoor relative humidity on the starting load 
on the plant. The plant was not operated on the day previous to the 
start of Test P-11. The indoor relative humidity rose gradually until 
‘it reached a value of 57 per cent at 10.a.m., July 15; at this time the 
outdoor temperature was 92 deg. F., and the indoor temperature 81 
deg. F., corresponding to an indoor uae ee temperature of 76 deg. F. 
‘(see Appendix A.) At this time the cooling plant was started for 
‘Test P-11. At the end of an hour’s operation the relative humidity 
had dropped to about 46.5 per cent, and at the end of four hours had 
become stabilized at about 45 per cent. Meanwhile the indoor effec- 
tive temperature dropped from 76 deg. F. to 73 deg. F., while the 
indoor dry-bulb temperature remained comparatively peastnne at 
about 81 deg. F. The dehumidification, appearing as condensation on 
the coils, decreased from about 7 lb. per hour to 5.5 lb. per hour. Data 
on other tests showed decreases from as high as 9 lb. per hour to as low 
as 4.5 lb. per hour within two hours after the start of the test. The 
average dehumidification load ranged from approximately 3000 to 8000 
B..u. per hour, and formed a considerable part of the total load. It 
averaged about 4000 B.t.u. per hour, and constituted approximately 
one-fifth of the total load. A number of calculations, based on the 
condensation weighed after the indoor relative humidity had become 
stabilized, and at outdoor temperatures near the peak, gave results for 
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the number of air changes ranging from 0.7 to 1.0 air change per hour. 


These results were subject to changes in moisture content of the walls, 
floors, and furniture, but the consistency of the weighed amounts, and | 
the fact that long periods of uniform indoor relative humidities were 
maintained, indicate that three-quarters of an air change per hour 
represents the amount of air infiltration with a fair degree of accuracy. 


22. Comparison of Actual and Calculated Hourly Cooling Loads. — 
The variation in the actual cooling load, as determined by ice meltage 
from hour to hour, may be observed from Figs. 10 and 11. From these 
curves it may be noted that while the outdoor air temperature reached 
a maximum at about 4 p.m., the actual load reached a maximum from 
two to four hours later. This was particularly true if the plant had 
been operated during the 24 hours previous to the start of a test. The 
effect of the sun on the load may be observed by comparing the shape 
of the load curves in Figs. 10 and 11. In the case of Test P-12, shown 
in Fig. 10, for which the Residence was equipped with awnings, the 
load increased gradually to a peak occurring four hours later than the 
time for the maximum temperature for the day. In the case of 
Tests P-28 and P-29, shown in Fig. 11, the load rose suddenly, 
reaching one peak at about noon, then declined somewhat, and in- 
creased to reach a second peak at 5:30 p.m. The first peak was prob- 
ably caused by the sun, which showed its maximum effect at 10 A.m., 
and the second peak by a combination of the sun, which reached a 
secondary maximum at 2 p.m., and the heat lag of the structure. The 
total heat transmitted through the windows, based on the glass area 
and exposure of the windows, and on the curves given by F. C. Hough- 
ten,* and others, was as follows: 6 a.m., 1145; 8 a.m., 13 580; 10 A.Mm., 
17 580; 12 p.m., 13 180; 2 p.m., 16 455; 4 p.Mm., 11 790; 6 p.m., 970 
B.t.u. per hour. The detailed method for calculating these items is 
given in Appendix B, and the curves used are shown in Figs. 38 and 39. 
The heat transmitted through the windows was 97 per cent of the 
values read from Fig. 39. A limited number of observations on the 
solar intensity, a sample of which is shown in Fig. 12, indicated that 
the solar intensity at Urbana, Illinois, which is in practically the same 
latitude as Pittsburgh, Pennsylvania, or approximately 40 deg. N., 
agreed reasonably well with the results obtained at Pittsburgh by the 
authors previously cited. Their curves were therefore accepted as ap- 
plying at Urbana. The observations of solar intensity were made with 

*“Heat Transmission as Influenced by Heat Capacity and Solar Radiation,” by F. C. Hough- 


ten, J. L. Blackshaw, E. M. Pugh, and Paul McDermott. Transacti f th i i 
of Heating and Ventilating Engineers, Vol. 38, 1932, pp. 275-279, een 9 Ane 
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an Abbot silver disk pyrheliometer,* a description of which is given 
by J. H. Walkert and others. A few observations made through the 
windows of the Residence indicated that a single thickness of glass 
intercepted 17 per cent of the total radiation from the sun. This value 
agreed closely with that obtained by Walker7 and others. 

A comparison of the actual cooling load, based on measured ice 
meltage, and the calculated cooling load reduced to terms of ice melt- 

*Lo pads Smithsonian Institutio Wai shingto 


Dac: 
t‘Field Studies of Offic ee i Coli,” ba. H. Waller S. Sanford and E. P. Wells. 
Transactions of the Sy ere, of Heating and Ventila ari Ea ngineers ioral 38, 1932, p. 291. 


_ A. ie e—_ =). = ~ 


46 ILLINOIS ENGINEERING EXPERIMENT STATION 


age, may be made from Figs. 10 and 11. This comparison should be 
based on the cooling load corrected for loss in the basement, since the 
calculated load applies only to the portion of the Residence above the 
basement. The calculated load at any given time consisted of the sum 


of the sun load for both walls and windows, the dehumidification load, — 
the load due to occupancy, the load due to sensible heat from air in- 
filtration, the load resulting from electrical input to lights and fan — 
motor, and the heat transmission load. The latter was based on the 


actual outdoor-indoor temperature difference shown by the curves 


at the time under consideration and the heat transmission coefficients — 


applying to the walls, floors, and ceilings of the Residence. The de- 


humidification load, and the load due to sensible heat gain of the air — 
inleakage resulting from infiltration were based on the existing indoor — 
and outdoor temperatures and relative humidities, and on the assump- | 


tion of three-quarters of’an air change per hour for the 14 170 cu. ft. 
of space cooled. Occupancy was assumed to be four people, or 1600 
B.t.u. per hour. The methods employed in the calculations are given 
in detail in Appendix B. 


From the curves in Figs. 10 and 11, it is evident that the heat lag , 
of the structure operates in such a way as to make it almost futile 


to attempt. to calculate the cooling load for the building at any speci- 
fied time. The actual load never attained a value as high as the caleu- 
lated maximum load corresponding to the maximum outdoor tempera- 


ture. Furthermore, the true load at the time that the maximum load ~ 


actually occurred was much greater than the calculated load cor- 
responding to this time. The curves all showed one point in common, 
however. That is, the calculated load at some time between 5 P.M. 
and 7 p.m. agreed with the actual load at this time, and corresponded 
to a value only slightly less than the actual maximum load. It is there- 
fore possible that the maximum load for the purpose of design could 
be based on the sun effect and the probable outdoor temperature at 
6 p.m. for any given locality. Whether or not this is a feasible method 
of calculation, and whether it would apply to structures differing in 


character from the Research Residence is admittedly somewhat prob- 
lematical. 


23. Effect of Outdoor Temperature on Cooling Load—An attempt 
to correlate the cooling load with the average outdoor-indoor tempera- 
ture differences shown in Table 2 resulted in many inconsistencies, due 
to the fact that this average temperature difference was influenced by 
the character of the daily temperature curve, and the relation between 
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the maximum outdoor temperature and the balance of the outdoor 


temperatures. Hence it was possible to obtain approximately the 
same average temperature with radically different maximum tempera- 


tures. Also the total or average cooling load was dependent on the 
heat lag and previous history of the structure, and on the portion of the 
day over which it was possible to run the test. Therefore, a number 


of tests were selected in which the start of the test occurred a sufficient 
length of time previous to that for attamment of maximum outdoor 
temperature to permit conditions to become stabilized before the 


maximum outdoor temperature was reached. For this group of tests, 


the cooling load per degree difference in temperature was based on the 
average outdoor-indoor temperature difference for the four hours in- 
cluded between two hours before and two hours after the time for the 
maximum, or peak temperature, and the average rate of ‘ice meltage 
for the same four-hour period. The results are shown in Fig. 13. 
From Fig. 13 it is evident that the cooling load per degree dif- 
ference in temperature, and therefore per degree-hour, was not con- 
stant, but increased as the outdoor temperature increased. This was 
true both for the sensible and total cooling loads, the latter including 
the heat absorbed by dehumidification, and was also true whether or 
not the house was equipped with awnings. Since the actual cooling 
load per degree-hour is not constant, any method of calculating the 
total seasonal cooling load based on the B.t.u. per degree-hour and the 
total number of degree-hours in the season is incorrect unless some ac- 
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count is taken of the increase in cooling load per degree difference in 
temperature as the actual outdoor temperature increases. 


24. Effect of Awnings—The reduction in total cooling load effected — 


by the use of awnings on all east, south, and west exposures may be 


obtained from the curves shown in Fig. 13. These curves overlap over — 


a range of outdoor temperatures of from 93 deg. F. to 97 deg. F., and it 
may be observed that over this range the reduction in both total and 
sensible cooling loads was approximately 32 per cent. This compari- 
son has been made between the cooling loads corrected for basement 
loss, since the only portion of the load affected by the awnings was 
that above the basement, and the basement load would vary with 
different individual plants. 

It should be noted that the tests on the Residence without awnings, 
P-21 to P-30, inclusive, in Table 2, were conducted during the month 
of August, while those with awnings were conducted during the month 
of July. A calculation of the total amount of heat received by radi- 
ation from the sun on all of the windows in the Residence (shown in 
Appendix B, Fig. 39) indicates that the possible heat from this source 
was somewhat greater during August than during July. Of this avail- 
able heat approximately 97 per cent would be transmitted through 
windows unprotected by awnings, and 28 per cent through windows 
protected by awnings. Hence, slight differences would be occasioned 
by whether the tests with awnings were conducted in July or in August. 
However, the sun load obtained without awnings during August was 
probably somewhat greater than it would have been if these tests had 
been run simultaneously with the tests with awnings in July. The 
comparison that has been made is equivalent to assuming that both 
series of tests were run during August. If it had been possible to com- 
pare two such series of tests made in July, the sun load with awn- 
ings would have been practically the same, but the sun load without 
awnings would have been somewhat less than the one actually ob- 
tained in August. To this extent, therefore, the comparison as;made 
has tended to favor the awnings. It is also possible that the results 
may be similarly influenced by the variations in the sun effect on the 
walls from month to month, but it is not possible to separate this for 
the purpose of analysis. Hence, it is evident that the actual percent- 
age of saving effected by awnings is dependent on what parts of the 
season are selected for comparison, but it is probable that the 32 per 
cent based on the comparison as made is representative of the average 
reduction of load resulting from the use of awnings. This figure is 
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further substantiated by the value of 32.5 per cent based on the 
seasonal loads calculated from the load curves shown in Fig. 14 and 
more fully discussed in Section 25. 

Referring to Figs. 10 and 11, it may also be noted that the awnings 
changed the character of the daily cooling load curve, and reduced 
the extent of the period of maximum cooling load from a duration of 
approximately 6 hours to one of 2 hours. 


25. Estimated Seasonal Loads—During each series of tests, both 
with and without awnings, data were obtained over a sufficiently wide 
range of weather conditions to establish the relation existing between 
the cooling load, or heat absorbed from the Residence, and the severity 
of the weather expressed as the degree-hours above 85 deg. F. per day. 
Curves indicating this relation for both sensible and total heat are 
shown in Fig. 14. From these curves it may be observed that the heat 
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absorbed can best be represented as a linear function of the degree-— 
hours per day. The curves were based on the number of degree-hours 
above 85 deg. F. because experience gained in operation proved that — 
it was not necessary to start the plant on days for which the maximum 
outdoor temperature did not exceed 85 deg. F. As soon as the plant : 
was started, however, a material ice meltage would be obtained, and 

for this reason the curves do not indicate zero ice meltage correspond- 
ing with zero degree-hours above 85 deg. F. 

The difference between the curves for total heat and those for sen- — 
sible heat in the lower portion of Fig. 14 represents the latent heat 
load, or the heat absorbed in dehumidification. Without awnings the 
latent heat load varied from 20 to 21 per cent of the total load, and 
with awnings it varied from 22 to 26 per cent of the total. These 
figures are in substantial agreement with the average values given in 
Section 21. : 

The season of 1932 consisted of 62 days on which the maximum 
temperature attained or exceeded 85 deg. F., giving a total of 1471 
degree-hours above 85 deg. F. The distribution of these days and 
degree-hours is more fully discussed in Section 49. 

Owing to the fact that two separate series of tests, with and’ 
without awnings, were run during the same season, direct experimental 
results on the total seasonal cooling load for either one of these condi- 
tions alone are not available. These seasonal loads, however, can be 
estimated from the curves in Fig. 14. Since the greater numbers of 
degree-hours above 85 deg. F. per day correspond with the higher 
maximum outdoor temperatures, and the ice meltages determining the 
curves were obtained from the actual weights for the corresponding 
weather, the curves reflect the increase in cooling load with higher 
outdoor temperatures which was shown in Fig. 13 and discussed in 
Section 23. 

In order to estimate the seasonal cooling load, the number of 
degree-hours above 85 deg. F. was tabulated for each day for the 
months of May, June, July, August and September, together with the 
corresponding ice meltages read from the curves for awnings and for 
no awnings shown in Fig. 14. This tabulation showed that there were 
no days in May for which the degree-hours above 85 deg. F. were 
above zero. It also showed that there was one day on which the 
maximum temperature was exactly 85 deg. F., resulting in zero degree- 
hours, and that there were 10 days during the season on which the 
degree-hours were not greater than 2 and which were preceded by days 
on which the degree-hours were zero. Experience had proved that the 
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indoor temperature would not rise to 80 deg. F. on these days, and that 
the plant would not be started. These days were therefore disregarded 
and a total of 51 days was used in computing the seasonal meltage. 
The summation of all of the values read from the curve for no awnings 
indicated that if the plant had been operated all season without awn- 
ings on the windows, the total ice meltage would have been 59.7 tons. 
The summation of all of the values read from the curve for awnings 
showed that if awnings had been used for the whole season, the total 
ice meltage would have been 40.3 tons. Thus the use of awnings would 
have effected a seasonal saving of approximately 32.5 per cent. 

Under the actual operating conditions, the series of tests with the 
Residence equipped with awnings extended from June 1 to August 15, 
while the series of tests with the Residence not equipped with awnings 
extended from August 15 to September 15. A summation of the tab- 
ulated values corresponding to these two parts of the season, and read 
from the respective curves for no awnings and for awnings, gave an 
estimated total ice meltage of 44.1 tons for the season under the actual 
conditions of operation. This agrees very closely with the total of 43.3 
tons of ice actually used during the season, and confirms the validity 
of this method for estimating the total cooling load for a season from 
the results obtained over a wide range of weather conditions during a 
part of a season. 

By plotting a similar set of curves showing the relation between the 
hours of fan operation and the degree-hours above 85 deg. F., and 
following the same procedure as that outlined for estimating the sea- 
sonal ice meltage, it was estimated that the fan would have run a 
total of 787 hours for the season with the Residence not equipped with 
awnings. If the Residence had been equipped with awnings during the 
whole season the fan would have run 563 hours. For the season as run 
with two series of tests, with and without awnings, it would have 
operated 616 hours. Since both the fan and the pump were running 
only when the plant was in operation, the hours of running for the 
pump would have been the same as those for the fan. 


26. Cost of Operation—Owing to wide variations in seasonal de- 
mands and in local utility rates, a discussion of seasonal costs, particu- 
larly from the comparative standpoint, is not conclusive unless 
unavoidable differences in existing conditions are fully recognized. 
With due appreciation of these limitations, however, operating costs 
are undoubtedly of some interest. The following operating costs are 
based on local rates of $4.00 a ton for ice and $0.031 a kw-hr. for 
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electricity. The fan in the forced-air system used electricity at an — 
average rate of 0.265 kw. If it had not been necessary to use high | 
pressure spray heads to overcome experimental difficulties, as explained 
in Section 18, a reasonable electrical input to the circulating pump 
would have been 0.5 kw. 

Based on these rates, the seasonal cost for operation under the 
actual running conditions, with the Residence equipped with awnings 
for a part of the season only, was $176.40 for ice, $5.07 for the fan, — 
and $9.55 for the pump, or a total cost of $191.02. If the Residence 
had been operated all season without awnings, the operating cost 
would have been $238.80 for ice, $6.47 for the fan, and $12.20 for the 
pump, or a total operating cost of $257.47. If the Residence had been 
‘operated all season equipped with awnings, the operating cost would 
have been $161.20 for ice, $4.63 for the fan, and $8.72 for the pump, 
or a total operating cost of $174.55. Thus it may be noted that a 
reduction in total cost of approximately 32 per cent would have been 
effected by the use of awnings. 

During the periods over which the plant operated at maximum 
capacity, 220 lb., or 0.11 tons, of ice were melted per hour. This is 
equivalent to 31 700 B.t.u. per hr. or 2.64 tons of refrigeration. The 
cost per hour for operating the plant at maximum capacity was, 
therefore, 44 cents for ice, 1.55 cents for the pump, and 0.82 cents for 
the fan. This represents a total cost of 46.37 cents per hour, or a 
unit cost of 17.6 eents per ton of refrigeration per hour. 


27. Conclusions—From the results of the tests in which ice was 
used for cooling the Residence, the following conclusions may be 
drawn, subject to the limitations of the conditions under which the 
tests were run: 

(1) The ducts and registers of a central forced-air heating sys- 
tem can be successfully adapted as a distributing system for cooled air 
in the summertime without material alterations. 

(2) There is no tendency for a pool of cold air to collect near the 
floor if the temperature of the air entering the room through the 
registers is not lower than 60 deg. F. 

(3) Baseboard registers can be used without objectionable drafts 
resulting if the velocity of the air at the register face is below 300 ft. 
per min. although wall registers located 7 ft. above the floor are pref- 
erable to baseboard registers with perforated grilles. 

(4) A two-story building of the type of the Research Residence 
may require the equivalent of two tons of ice in 24 hours, including 
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the basement load, on days when the maximum outdoor temperature 
reaches 100 deg. F. if an effective temperature of approximately 73 
deg. F. is maintained indoors. 

(5) An effective temperature somewhat higher than 73 deg. F. may 
be satisfactory for residence service, and in this case more conservative 
results for the cooling load can be obtained. 

(6) The use of awnings at all windows on east, south, and west 
exposures may result in savings of from 20 to 30 per cent in the 
required cooling load. 

(7) The cooling load per degree difference in temperature is not 
constant, but increases as the outdoor temperature increases. . 

(8) The heat lag of the building complicates the estimation of 
the cooling load under any specified conditions, and makes such esti- 
mates based on the usual methods of computation of doubtful value. 


V. Resuuts or Tests oN Coouine with AIR 
FROM OvuTDoors at NicHT 


28. Preliminary Statement—The discussion in Chapter IV, in 
which it was shown that 43.3 tons of ice were used in cooling the 
Research Residence during the summer of 1932, indicated that com- 
plete artificial cooling of this class of structure by such cooling agents 
as cold water or ice, or by mechanical or chemical methods, may be a 
very expensive process unless some modification is made in the con- 
ventional or usual methods of operation or in the structure itself. The 
most obvious modifications in the structure consist of the use of insula- 
tion in the walls and ceilings, and the use of awnings at the sun- 
exposed windows. The use of awnings was investigated during the 
summer of 1932, (see Section 24) and the use of insulation was con- 
sidered outside of the immediate scope of this investigation. Thus 
attention was directed toward some modification in the operating 
schedule. 

For the investigation during the summer of 1932 the windows and 
outside doors were kept closed as much as possible, and the ice plant 
was started whenever the effective temperature indoors reached a 
value of 75 deg. F. During the periods of operation, both day and 
night, the effective temperature was maintained at approximately 73 
deg. F., corresponding to a dry-bulb temperature of from 78 to 80 deg. 
F., and a relative humidity of about 45 per cent. However, a study 
of the temperature cycles discussed in Section 20 indicated that the 


, SS 2 See 


54 ILLINOIS ENGINEERING EXPERIMENT STATION 


minimum outdoor temperature at night was always approximately 20 
deg. F. lower than the maximum attained during the day, and that 
during a period extending from 9 p.m. to 6 a.M. the outdoor tempera- 
ture was from 7.5 to 10 deg. F. lower than that indoors. During this — 
period the temperature of the inside surfaces of the walls was usually © 
less than that of the inside air, so that all of the cooling of these sur- — 
faces had to take place by conduction through the wall to the outside 
air. Hence it seemed evident that if sufficient air at a temperature 
lower than that of the inside wall surface could be introduced, these 
surfaces could cool from the inside, and, if the process was continued, 
the whole structure could be cooled, and the next day started with the 
entire structure filled with cool air, with the inside wall surfaces and 
contents at a temperature lower than would otherwise exist, and with 
the heat-absorbing capacity of the material in the structure increased 
as a result of the lower wall surface temperatures. The investigation 
for the summer of 1933 was, therefore, undertaken with the object of 
determining to what extent the circulation of air taken from outdoors 
at night could be used to supplement ice cooling during the day, thus 
reducing the amount of ice required, and to what extent it could 
be used to eliminate the necessity for any additional cooling during 
the day. 


29. Influence of Methods of Operation on Conditions at Night—A 
study of the results of the investigation of cooling with outdoor air at 
night involves the recognition of three separate natural subdivisions or 
objectives. These are (1) the study of the conditions at night, between 
the times of opening and of closing the windows, as influenced by the 
weather and by the different methods of operation, (2) the study of 
the conditions in the house the next day resulting from the weather 
and from the conditions existing at 6 A.m. when the windows were 
closed, and (3) the prediction of the effectiveness of a given method 
of operation, or of the cooling required, from the weather reports of 
a particular summer season. ; 

Table 3 shows the volume of air delivered per minute and the 
number of air changes per hour produced by the different fan arrange- 
ments used, together with the power required to operate the fans. 
Figure 15 shows characteristic curves for outdoor temperatures, indoor 
temperatures and indoor relative humidities for the least favorable 
and most favorable methods of operation for two similar days. In the 
first case, shown by the upper curves in Fig. 15, eight windows were 
partly opened at 9 p.m. and no fan was used. During the early morn- 
ing hours of June 18 the outdoor temperature reached a minimum of 
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65.0 deg. F., while the indoor air temperature did not fall below 75.5 
deg. F., or a difference of 10.5 deg. F. was shown. During these hours 
the indoor air temperature remained equal to, or slightly above, the 
temperature of the inside surface of the exposed walls, thus permitting 
no transfer of heat from the walls except by conduction to the outdoor 
air. The temperature of the air in the house rose to 84.5 deg. F. on 
June 18 following this cycle of operation at night. 

In the second case, shown by the lower curves in Fig. 15, the 
lower sash of all of the windows, which were double hung, was opened 
to the fullest extent at 6 p.m. and the attic fan was used. The mini- 
mum outdoor temperature in the early morning hours of August 12 
was 64.0 deg. F., nearly the same as in the first case, but the indoor 
air temperature dropped to 68.0 deg. F. as compared with 75.5 deg. F. 
for the first case. That is, the difference between indoor and outdoor 
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temperatures was 4.0 deg. F. as compared with 10.5 deg. F. During the 
whole night the temperature of the indoor air was distinctly below 
that of the inside surface of the exposed walls, thus permitting heat 
to be transferred from the walls to the air that was being removed 
from the house. The temperature of the air in the house next day 
rose to only 79.5 deg. F. before the windows were opened as compared 
to 84.5 deg. F. for the previous case. 

In all cases, the temperature of the surface of the first-story ceilings 
and of the furniture remained practically the same as that of the © 
indoor air of the room involved. The temperature of the surface of | 
the second-story ceilings was usually from one to three degrees higher 
than that of the air in the room (see Fig. 21). 

From Fig. 15 it may be observed that conditions in the house at 6 
A.m., the time at which the windows were closed, were directly depend- 
ent on the weather and the method of operation at night between the 
times of opening and closing the windows. Since during the daytime 
the house was always closed and no fan was operated, conditions in the 
house the following day were determined by the conditions existing at 
6 a.m. and by the weather during the day. Inasmuch as these condi- 
tions at 6 A.M. were dependent on the method of night operation, the 
conditions next day were a reflection of the method of operation. But 
since the conditions at 6 A.M. could be considered as having been estab- 
lished by any independent means, and the resulting conditions during 
the day would be the same, independent of the means required to 
establish those at 6 A.m., for the purposes of analysis of the different 
methods of night operation the daytime conditions may be regarded as 
not. directly dependent on these methods, and the attention may be 
concentrated on the part of the cycle included between the times of 
opening and closing the windows. 

The effectiveness of any given method of night operation is directly 
indicated by the ratio of the rate of decrease in the indoor temperature 
to the rate of decrease in the outdoor temperature, and the relative 
effectiveness of the different methods can be compared by comparing 
these ratios. However, the rates of decrease are also proportional to 
the drops in temperature from the time that the indoor and outdoor air 
attain the same temperature, as represented by the crossing point of 
the two air-temperature curves shown in Fig. 15, to the times at 
which each of these two air temperatures becomes a minimum. These 
temperature drops are also shown diagrammatically as A and B in the 
inserts in Figs. 17, 18 and 19. Since these temperature drops were 
useful in subsequent calculations, they were used as the basis of com- 
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parison, instead of the ratios of the rates of temperature decrease. 
These temperature drops are further useful in that, with a known out- 
door minimum temperature, and a known or assumed temperature at 
the crossing point, they serve to establish the minimum indoor tem- 
perature that would be attained. That this minimum indoor tempera- 
ture was also the same as the indoor temperature existing at the time 
that the windows were closed at 6 A.M. is shown by Fig. 16. 

A comparison of the temperature drops, A and B, from the crossing 
point of the indoor and outdoor temperature curves to the minimum 
outdoor and indoor temperatures for the different methods of night 
operation is shown in Fig. 17. In comparing different methods of night 
cooling, temperature drop curves having greater slopes indicate greater 
effectiveness of cooling, since the maximum possible effectiveness would 
be attained when the drop B became equal to the drop A, or when 
the indoor temperature was reduced to the same value as the outdoor 
temperature. Thus the maximum effectiveness would be represented 
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by a 45 degree line, or one having a slope of 1.0 when the two tempera- 
ture drops are plotted to the same scale, and any effectiveness less 
than the maximum would be represented by a line of correspondingly 
less slope. The time of the crossing point was not always coincident 
with the time at which the windows were opened, and the temperature 
at the crossing point was somewhat influenced by the history between 
these two times. Hence, in order to obtain the effect of the fan alone, 
the comparison must be made between two series for which the win- 
dows were opened at the same time, and which differed only in’ that 
the fan was used for one and not for the other. Other comparisons 
are valid, however, in that the temperature drop curves reflect the 
whole history from the time of opening the windows, and this whole 
history is inherent in the particular series under consideration. A 
complete description of the different series of tests is given in Sections 
13 and 14. 

From Fig. 17, curve No. 1, it is evident that Series 1-33 in which 
eight windows were partly opened at 9 p.m. was the least favorable, 
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‘since it gave the least drop in indoor temperature for a given drop in 
outdoor temperature. The house was stuffy and uncomfortable all 


night, and the temperature was far too high for comfort the next day. 


A companion series, Series 3-33, curve No. 2, run with the same 
schedule of window opening and with the basement fan delivering 
1740 cu. ft. of air per minute taken from outdoors, resulted in marked 
improvement, but did not entirely correct conditions. 

From the experience with Series 1-33, it became evident that some 
advantage was to be gained by opening all of the windows, and also 
opening them earlier, even if the outdoor temperature was somewhat 
higher than that indoors. Series 2-33 was therefore run without a fan, 
but with all of the windows in the house opened to the fullest extent 
possible at 6 P.M., and in addition the attic door opened in order to 
obtain the advantage of the full chimney action of the heated air in 
the house. As shown by Fig. 17, curve No. 4, this resulted in very 
marked improvement over the results from Series 1-33, curve No. 1, 


and in considerable improvement over those from Series 3-33, shown 


in curve No. 2. Conditions in the house were quite comfortable at 
night, and the indoor temperatures the next day were not unreasonable. 
It is probable that the Research Residence was better adapted to 


natural ventilation than the average type of residence would be. The 


attic was equivalent to a full third story, and the dormer windows 
extended nearly the full height of the story. A 2.5 ft. by 6.5 ft. door 
at the head of the stairs provided ample area for the passage of air 


into the attic. Hence conditions were particularly favorable for 


obtaining and utilizing a relatively large chimney effect. In houses 
with only a small trap door in the second-story ceiling and small 
attic windows, this chimney effect might be greatly reduced. 

Series 5-33 was run on the same schedule of window opening as 
Series 2-33, but with the basement fan delivering 2120 cu. ft. of air 
per minute taken from outdoors. The results from this arrangement, 
shown in curve No. 3, were not quite as favorable as those obtained 
with Series 2-33, curve No. 4, for which no fan was used. This can 
not be explained on the basis that wind movement aided the natural 
ventilation in Series 2-33. The different points on the curves repre- 
sented days covering the whole range of wind movement at night and 
sun effect by day. During most of the season the nights were com- 
paratively calm, and the wind velocity varied from 2 to 7 miles per 
hour. Except for an occasional storm the days had a high percentage 
of sunshine. Hence, the most probable explanation appears to be that 
more air was circulated through the house as a whole by full natural 
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ventilation than by the basement fan. It is also possible that in the 
latter case some of the air short-circuited out of the windows, although 
no positive evidence could be obtained on this point owing to the low 
air velocity at the windows. : 

In Series 4-33 an attempt was made to take advantage of the 
reservoir of cooler air existing in the basement by recirculating this — 
basement air through the house for about one hour before opening the 
windows. This series is comparable with Series 5-33 and the two points 
representing these tests are shown in Fig. 17. This method of opera- 
tion represented a slight gain over the results from Series 5-33, curve 
No. 3, but the temperature of the basement air soon rose to practically 
the same as that upstairs, and the amount of gain cannot be regarded 
as sufficient to offset the complication in the operating routine. Fur- 
thermore, this method of operation appeared to accentuate odors. With 
all of the different test series, there was a tendency for odors to become 
slightly noticeable in the afternoon, particularly on the second story, 
but not to the extent of becoming objectionable. 

The most favorable results, shown in Fig. 17, curve No. 5, were 
obtained from Series 7-33 and 8-33 in which the attic fan, drawing 
3940 cu. ft. of air per minute into the first and second stories, was 
used. No difference was observed between series 7-33 for which the 
lower sash were raised half way, and Series 8-33 for which they were 
raised all of the way. From Fig. 17 it is apparent that there was not a 
great amount of difference between the three most favorable methods 
of operation, and that, even with the 16.6 air changes per hour pro- 
duced by the attic fan, the indoor temperature was not reduced to the 
same value as that of the outdoor air. The latter condition would be 
represented by the line designated as the theoretical maximum drop. 
The results of a separate study of the effect of the attic fan in venti- 
lating the attic during the day, and of the heat removal from the attic 
during the day and from the house during the night are discussed in 
Section 31. 

The results of the tests shown in Fig. 17 indicate that considerable 
benefit may be obtained from the use of an attic fan drawing a gener- 
ous amount of air into the house through the open windows at night. 
In a house similar to the Research Residence, having two full stories 
and an attic having dormer windows and a large attic door, practically 
as much benefit may be obtained without any fan by opening all of the 
windows and the door leading into the attic. In case it is not desirable 
to open a large proportion of the windows at night considerable bene- 
fit may be obtained from the use of either a fan in the attic or one 
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installed in connection with a forced-air heating system and drawing 


air from the outdoors. The power required, as shown by Table 3, 
ranged from 3.85 to 5.40 kw-hr. for 12 hours of operation at night. 
Since it is undesirable in the average city residence to leave the 


first-story windows open all night, two series of tests on which the 


open windows were confined to the second story only were run during 
the summer of 1933. These tests included Series 10-33 with the attic 
fan, and Series 11-33 with natural ventilation. Furthermore, since it 


also seemed more practical from the standpoint of the householder to 


employ the fan in the forced-air heating system, if one were available, 


rather than to install additional fans to circulate a greater volume of — 


air, three more series of tests for which the windows were opened on 


the second story alone were run with the basement fan during the — 


summer of 1934. These tests included Series 3-34, 5-34, and 6-34. In 


the case of the attic fan 3940 cu. ft. of air per minute were drawn in ~ 


through the second-story windows giving 33.2 air changes per hour 
based on the cubic contents of the second story. The basement fan 
delivered 2180 cu. ft. per minute or 18.4 air changes per hour based on 
the cubie contents of the second story. The resulting temperature 


drops for both first and second stories, obtained from the five series of — 


tests, are shown in Fig. 18. Comparing curve No. 7 with curve No. 2, 
curve No. 5 with curve No. 4, and curve No. 3 with curve No. 1 in Fig. 
18, it is evident that in every case, when the windows were opened on 
the second story only, more cooling was effected on the second story 
than on the first. 

A comparison of curve No. 3 in Fig. 18 with curve No. 4 in Fig. 17 
indicates that, with natural ventilation, cooling on the second story 
alone with the windows open on the second story only was not &s 
effective as cooling the house as a whole with all of the windows open. 
In the latter case the whole height of the house was effective in pro- 
ducing the motive head, and, as a result, a large quantity of air was 
drawn in through the open windows. When the first-story windows 
were closed, the motive head was reduced by the height of the first 
story, and the amount of air drawn through the house was correspond- 
ingly reduced. Apparently, under these conditions, relatively less air 
was also drawn through the second story only than was the case when 
all of the windows on both stories were opened, and the cooling on 
the second story only was less effective than it was for the house as a 
whole with all of the windows opened. As a result, curve No. 1 in Fig. 
18 indicates that very little cooling was effected on the first story, and 


a iy no, CS mil ee 


INVESTIGATION OF SUMMER COOLING IN RESIDENCE 63 


Outdoor Temperature 
clrdoor Tenperatiure 


een < i lrdoor 


S/6 or Op i Air Temp. 


Outdoor 
Air Te7770: 


mr 
peer el Ld Tar a | 
JL USGS RRee Bosak 
ese eye 7 er it 
eee ener ie Lr | 
peat | CPE gL AEH 
wie“ Bake 


Ss & 


\NCEsnze 


LEEEEE- ee re Series m a Poe Verrtilatior 
Paes 1 | | | | '2g7-seres 10-38, Attic Fan 

on 4ES- Series 3-34, 5-34, § 6-34, Basement Far 
6-Series 7-33 & 8-33, Attic Far7 

8-Theoretical Maxitura Tenyerature Droo, A=8 
NoTe- Windows Qoered a7 Za Story Ory, Exceor ror 
a Curve 6, (7-338 8-33), which had Full Window Qoenirg. nue 


Pee, FONE SO (2 4/4 “16 (8 20°22 24° 26 28 30 
Drop in Outdoor Air Temperature in deg. F,=(A) 


Sa 


Fic. 18. TEMPERATURE Drops ror Various Meruops or CooLinGc witH AIR FROM 
Ovutpoors at NigHT witTH WINDOWS OPENED ON SECOND Story ONLY 


that the temperature drop was small as compared with the average 
temperature drop for the house as a whole when natural ventilation 
was used on both stories, as shown by curve No. 4 in Fig. 17. 

Curves Nos. 3 and 7 in Fig. 18 show that when the attic fan was 
used in connection with the second story alone, there was more marked 
improvement on this story over natural ventilation than there was in 
the case of the house as a whole when the attic fan was used in con- 
nection with both stories. This is indicated by the fact that the dis- 
tance between curves Nos. 3 and 7 is greater than that between the 
corresponding curves, Nos. 4 and 5 in Fig. 17, and also by the fact that 
curve No. 7 in Fig. 18 lies above curve No. 6, which has been trans- 
ferred to Fig. 18 from curve No. 5, Fig. 17. Considering the effect on 
the first story only, curve No. 2 in Fig. 18 shows that, while the use of 
the attic fan with only the second-story windows open resulted in some 
improvement, the temperature drop was still not comparable with 
that occurring when either the fan or natural ventilation was used in 
connection with both stories. 
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Comparison of curve No. 5 in Fig. 18 with curve No. 3 in Fig: 14 
indicates that the cooling effect on the second story resulting from the — 
use of the basement fan with only the second-story windows open, was — 
practically the same as the cooling effect on the house as a whole re- 
sulting from the use of the basement fan with all windows on both » 

7. stories open. Furthermore, comparison of curve No. 4 in Fig. 18 with — 
curves Nos. 1 and 2 shows that the basement fan with the windows on ~ 
only the second story opened accomplished more cooling on the first — 
story than was effected by either natural ventilation or the attic fan — 
under the same conditions; and comparison with curve No. 3 shows_ 
that it accomplished more cooling on the first story than was effected — 
on the second story alone with natural ventilation. This relatively high : 
effectiveness in cooling the first story with the basement fan probably 
arose from the fact that, even though the first-story windows were 
closed, part of the cool air taken from outdoors was delivered through ~ 
the first-story registers, and hence had some cooling effect on the first 
story before it could pass up through the hall ways and escape from 
the second-story and attic windows. In the cases of the attic fan and 
natural ventilation, practically no outdoor air could enter the first 
story with the windows closed, and hence no cooling effect could be 
obtained except that normally occurring by heat transfer through the 
walls caused by the temperature difference between indoors and 
outdoors. 

When cooling with outdoor air at night is used to supplement arti- — 
ficial cooling during the day, the effectiveness of night cooling in the 
house as a whole is of more significance than the effectiveness for 
either the first or the second story alone. The temperature drops based 
on the average temperature of the first and second stories when the 
attic fan and the basement fan were used, with the windows opened — 
on the second story only, are shown in Fig. 19. From Fig. 19, curves 
Nos. 2 and 4, it may be observed that in the case of the attic fan, 
drawing approximately 33.2 air changes per hour through the second 
story alone, the effectiveness in cooling the house as a whole, based 
on the average indoor temperature for both stories, was much less than 
that in cooling the second story alone based on the average indoor 
temperature for the second story. The effectiveness in cooling the 
house as a whole was slightly greater for the basement fan when cir- 
culating approximately 9.2 air changes per hour, with both first- and 
second-story windows open, as shown in curve No. 3, than it was for 
the attic fan when drawing in 33.2 air changes per hour through the 
second-story windows alone, as shown in curve No. 2. The effective- 
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ness of cooling with both of these methods was somewhat greater than 
that of cooling the house as a whole with the basement fan circulating 
9.2 air changes per hour with the second-story windows only opened, 
as shown in curve No. 1. The location of the points representing the 
test data indicates that the effectiveness of cooling with air from 
outdoors at night was not greatly influenced by the time of closing or 
opening the windows. It apparently made no difference whether they 
were closed at 6 a.M., as for Series 5-34, or at 7 a.m., as for Series 6-34; 
or whether they were opened at 6 p.m. or at the time that the effective 
temperature became the same indoors and outdoors, as for Series 3-34. 

It has been shown that the slopes of the curves in Figs. 17, 18 and 
19 afford a measure of the relative effectiveness of the different 
methods employed for cooling with outdoor air at night. Furthermore, 
the relative effectiveness of the different methods may be considered 
as dependent on the amount of air circulated and not inherent in the 
particular method used for circulating the air. Under these condi- 
tions, sufficient data were available from the studies of 1933 and 1934 
to establish the range of the number of air changes that would be 
required to prove effective for night cooling in a house of the type of 
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The slopes of all of the curves obtained when the outdoor air was 
positively circulated by means of some type of fan are shown in Fig. | 
20, plotted against the corresponding amounts of air circulated ex- 
pressed as a number of air changes per hour. Since a slope of 1.0 
represents the theoretical maximum cooling effect that could be ob- 
tained, the ordinates of Fig. 20, if multiplied by 100, also represent a 
percentage of maximum cooling effect attained with different numbers 
of air changes per hour. Two curves are shown in Fig. 20. The upper 
curve represents conditions in a given space in which all of the 
windows are opened and the effectiveness of cooling is based on the 
average temperature in the space. Such conditions would be satisfied © 
by a one-story house with all of the windows opened and the tempera- 
ture based on the single story, by a two-story house with all of the 
windows opened and the temperature based on the average for the 
house, by the second story of a two-story house with all of the windows 
on the second story only opened, and the temperature based on the — 
average for the second story alone, or by the first story of a two-story 
house with all of the windows on the first story only opened, and the 
temperature based on the average for the first story alone. The fact 
that all of the points representing the data fell on a smooth curve, even 
though the amounts of window opening were not the same, indicates 


that the effectiveness of cooling for a given number of air changes per 
_ hour was more or less independent of the number and location of the 
windows opened, provided that the distribution of the openings was 
such as to give good distribution of the air. Furthermore, the fact 
that the point representing the cooling effect with 33.2 air changes per 
hour, obtained from consideration of the second story only, is on the 
curve, indicates that this type of curve is applicable to any space when 
the number of air changes per hour, the amount‘of window opening, 
and the indoor air temperature are considered in relation to the given 
space alone. 

The lower curve in Fig. 20 represents conditions in a two-story 
house in which the windows on the second story only are opened, and 
the effectiveness of cooling is based on the house as a whole or on 
the average indoor temperature for both stories. It is evident that the 
effectiveness of cooling the house as a whole is less when the windows 
_ on the first story are not opened than it is when the windows on both 
_ stories are opened. 

From Fig. 20 it may be observed that with the smaller numbers of 
air changes per hour the curvature of the curve decreases very rapidly 
as the number of air changes increases, but that the rate of decrease 
in the curvature becomes much less for the larger numbers of air 
changes. A slope of 1.0 would represent the maximum effectiveness of 
cooling, inasmuch as it would represent conditions under which the 
indoor temperature would be reduced to the same value as that out- 
doors. Within the limits of the observed data, the slope curve does not 
become asymptotic to a line representing a slope of 1.0, indicating 
that it would require air quantities far in excess of 33.2 air changes 
per hour in order to reduce the indoor temperature to the same value 
as that outdoors. It is therefore evident that cooling with outdoor air 
at night does not become reasonably effective in lowering the tempera- 
ture in the house until the number of air changes per hour reaches a 
value of approximately 9, and that above a value of 30 air changes per 
hour the gain resulting from increasing the amount of air circulated 
is very small. At some point the gain obtained by increasing the num- 
ber of air changes per hour will probably be offset by the increased 
cost of electrical current required to operate the fan. 

In discussing the effectiveness of cooling with air from outdoors at 
night only the effect in cooling the air and the structure at night and 
its influence on the cooling load next day has been considered. During 
the period over which the fan was in operation, however, some lower- 
ing of the effective temperature, and hence some increase in the com- 
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fort of the occupants, would be obtained from the resulting air move- 
ment. It is therefore possible that this resulting increase in comfort to 
the occupants during the time the fan was in operation would justify 
the use of larger air volumes than could be justified from the stand- 
point of lower house temperatures only, and from the effect of this 
lowered house temperature as reflected in decreased cooling load for the 
following day. 


30. Influence of Methods of Circulating Air from Outdoors at Night 


on Effective Temperature—tThe effective temperature, which is a 
_ measure of the net cooling effect of the environment on the human 
_ body, is influenced by the amount of air motion as well as by the dry- 


bulb temperature. Hence it seemed possible that, in addition to lower- 
ing the temperature of the air and the structure, the circulation of air 


_ from outdoors at night might contribute directly to the comfort of the 


occupants of the rooms by producing an amount of air motion sufficient 
to cause an independent cooling effect greater than that indicated by 
the mere lowering of the dry-bulb temperature. 

In order to determine whether there was any difference in cooling 
effect produced by the air movement resulting from the different 
methods of night operation Kata thermometer readings were made at 
the centers of the rooms. The results are shown in Table 4. The 
criterion for comfort as stated by Dr. Leonard Hill is that the cooling 


_ effect for the dry Kata should exceed 40 and for the wet Kata 135 


B.t.u. per sq. ft. per hr. Comparing the results from Series 2-33 and 
7-33 it appears that the use of the attic fan with the windows halfway 
open increased the air movement over natural ventilation from a 
velocity of 3.2 to 12.2 ft. per minute on the first story and from 2.8 to 
4.2 ft. per minute on the second story. Since the wet- and dry-bulb 
temperatures were comparable for these two cases the Kata cooling 
effects are also comparable. The dry Kata cooling effect was increased 
from 42.6 to 48.8 B.t.u. per sq. ft. per hr. on the first story and from 
37.6 to 44.9 on the second, and the wet Kata cooling effect was in- 
creased from 167 to 178 on the first story and from 158 to 168 on the 
second. All of these cooling effects were greater than the 40 and 135 
B.t.u. per sq. ft. per hr. required for comfort. 

Comparing the results from Series 7-33 and 8-33 it may be noted 
that, when the attic fan was used, the velocities at the center of the 
room were increased somewhat when the windows were opened wide 
instead of only halfway. Owing to the fact that the dry-bulb tempera- 
tures were not the same, the Kata cooling effects are not comparable. 
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Since the first-story hall acted as a duct to convey the air from the 
first story, the velocity in the hall was considerably higher than that 
in the first- and second-story rooms. F 

Comparing the averages for the first and second stories in Series — 
5-33 with those in Series 7-33 and 8-33 it may be noted that there was 
some tendency for the basement fan to cause greater disturbance of 
the air in the rooms than there was for the attic fan. The average — 
velocities determined by the Kata thermometer, excluding the lower — 
hall which acted as a duct when the attic fan was used, were higher 
for the basement fan than for the attic fan. In the former case the 
air was delivered into the room as a jet from the register while in the 
latter it was drawn more uniformly into the room through the windows. 
Hence more disturbance would result in the former case than in the 
latter. 

Comparing Series 10-33 and 11-33 it-is evident that with the 
windows opened on the second story only, the air movement in the 
second-story rooms was increased from 2.9 ft. per minute when no fan 
was used to 17.5 ft. per minute when the attic fan was used. Also 
this velocity was much greater than the 4.2 and 6.9 ft. per minute 
obtained on the second story when the attic fan was used and all 
windows on both stories opened. A study of the velocities at the open 
windows in the latter case proved that the air was being drawn into 
the first-story windows at an average velocity of 57.9 ft. per minute 
and into the second-story windows at an average velocity of 46.4 ft. 
per minute. This indicated that when the attic fan was used in con- 
nection with both stories there-was no tendency for the air to short- 
circuit through the second-story windows at the expense of the first 
story, but, on the contrary, the suction resulting from the chimney 
action of the house was greater on the first story than on the second, 
and, adding to the effect of the suction produced by the fan, caused a 
greater flow of air into the first-story windows than into the second. 

A study was made to determine whether any advantage resulted 
from recirculating the air in the house by means of the basement fan 
while the house was closed during the daytime. These results are 
shown in Table 4, for still air and for Series 4-33, under date of June 
24. When no recirculation occurred, the air velocities at the center of 
the rooms were 4.3 and 3.0 ft. per minute on the first and second 
stories, respectively. The corresponding dry and wet Kata cooling 
effects were 35.5 and 28.7, and 133 and 118 B.t.u. per sq. ft. per hr. 
These cooling effects were below the threshold for comfort. Immedi- 
ately after making these observations the basement fan was started in 
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order to recirculate the air. The velocity at the center of the rooms 
was increased to 19.4 and 6.6 ft. per minute on the first and second 
stories, respectively, and the corresponding dry and wet Kata cooling 
effects were increased to 40.9 and 32.6, and 161 and 138 B.t.u. per sq. 
ft. per hr. The latter are very close to, or just above the threshold for 
comfort. Hence, while the effect was not very marked, some advantage 
resulted from recirculating approximately 1468 cu. ft. of air per 
minute, and, in border-line cases, this procedure might convert an 
uncomfortable atmosphere into one that is just comfortable. 


31. Heat Removal Effected by Attic Fan—A few tests, desig- 
nated as Series 12-33, were run with the attic ventilated during the 
day by means of the attic fan instead of by natural ventilation through 
the windows. The temperature of the air in the attic, together with 
the temperature of the surface of the ceiling and the air in the rooms 
of the second story for a characteristic day, are shown in Fig. 21. The 
temperatures of the air entering the fan and leaving the attic windows 
are also shown in this figure. These temperatures, taken in connection 
with the volume of air delivered by the fan, afforded a means of cal- 


a> se 
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culating the heat absorbed either from the attic or second story alone, 
or from both. | 
Considering the attic alone, during the day the air from outdoors 
entering the fan through the duct shown in Fig. 7 was forced out 
through the windows, and the temperature rise was representative of 


the heat absorbed from the attic. A comparison of the power required 


by the fan motor for day and night operation indicated that no appre- 
ciable reduction in fan capacity was caused by the duct arrangement 
used during the day. Hence, the full fan capacity of 3940 cu. ft. per 
minute was used in the calculations for curve A shown in Fig. 21. This 
curve gives the heat absorbed from the attic, and shows a maximum 
rate of 15 600 B.t.u. per hr., or the equivalent of 1.3 tons of refrigera- 
tion. However, a comparison of the results from two similar days, one 
with the fan in operation and one without, showed no appreciable 
lowering of the temperature of the air in the attic resulting from the 
use of the fan, and no appreciable difference in either the temperature 
of the surface of the ceiling or of the air on the second story for the 
two cases. The temperature of the air in the attic was measured at 
two points, approximately 4 ft. above the floor, and it is probable that 
the temperature of the air in the peak of the roof and near the attic 
ceilings, when no fan was used, was much higher than that of the air 
nearer the floor where the measurements were made. This air formed 
a stationary pool of hot air above the level of the windows that served 
to reduce the heat transmission through the roof and to insulate the air 
nearer the floor. When the fan was used, this pool was swept out, and 
the movement of the air over the upper surfaces increased the heat 
transmission. Thus, while a large quantity of heat was removed and 
carried out by the air going through the windows, the greater part of 
this represented heat that did not penetrate the lower stratum of air 
when the fan was not used. If this were the case, the measured 
temperature of the air near the floor would remain about the same 
whether the fan was or was not used, and the heat transmitted through 
the floor would remain practically constant for the two cases, resulting 
in no change in the temperature of the surface of the ceiling, or of the 
air on the second story. Thus, while the fan apparently removed a 
large quantity of heat from the attic during the day, no appreciable 
improvement in conditions on the second story was effected as com- 
pared with conditions existing when the attic was ventilated by means 
of open windows alone. More refined methods of testing might have 
indicated a slight difference, but if the difference was sufficiently small 
to demand more refined testing methods, the cost of operating the 
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attic fan during the day could not be justified under the conditions 
existing at the Research Residence. It is possible that in a poorly- 
ventilated attic, with no windows, or with small windows in positions 
not adapted to cross ventilation, the use of an attic fan during the day 
could be entirely justified. 

The rate at which heat was removed from the first and second 
stories by the operation of the attic fan at night is shown by the curve 
H in Fig. 21. In this case, the air was drawn into the windows from 
outdoors, and all of the air passing through the house was delivered by 
the fan. Hence, the difference in temperature between the air enter- 
ing the fan and that outdoors was representative of the heat absorbed 
_ from the first and second stories. It may be noted that this heat 
- amounted to approximately 12 000 B.t.u. per hr. or the equivalent of 
- one ton of refrigeration, over a period of about 3 hours. Since approxi- 
_ mately the same amount of heat loss would occur by conduction to the 

outdoors through the exposed walls, irrespective of whether outdoor air 
_ was or was not circulated, the amount of heat indicated by curve H 

represents in some measure the gain resulting from the circulation of 

air from outdoors at night. Owing to the presence of cross currents 
_ when full natural ventilation without the fan was used, it was not pos- 
sible to measure the actual heat absorbed in this case. However, the 
evidence presented in Fig. 17 indicates that very nearly as much heat 
was removed by the full open window ventilation in Series 2-33 as was 
removed by the attic fan in Series 7-33 and 8-33. The portion of the 
curve A corresponding to curve H in Fig. 21 represents the additional 
heat removed at night from the attic alone. The whole of this amount 
eannot be regarded as a gain for the next day, however, because, due 
to the high heat transmission of the roof and to the fact that the 
windows in the attic were not closed during the day, the gain could not 
be conserved, as it was for the first and second stories on which the 


windows were closed at 6 A.M. 


32. Effect of Methods of Night Operation on Conditions the Fol- 
lowing Day —Following a given method of night operation, the maxi- 
mum temperature attained the next day after the windows have been 
closed at 6 a.m. depends upon the indoor temperature attained at 6 
AM., and the subsequent rise in outdoor temperature. As indicated by 
Fig. 16 this indoor temperature at 6 a.m. was the same as the mini- 
mum temperature attained indoors. Hence, it was determined by the 
night history, or the temperature drop shown in Fig. 17 corresponding 
to the particular method of night operation under consideration. The 
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difference between the minimum outdoor temperature and the indoor 
temperature at 6 a.m. may be represented by C, shown in the diagram 
in Fig. 22. The observed data from all of the tests not involving arti- 
ficial cooling have been classified under four arbitrary values of the 
temperature difference, C, and the results have been plotted in Fig. 22, 
giving the relation between the rise in indoor temperature, Z, and that 
in outdoor temperature, D, for the different values of C. 

If the temperature corresponding to the crossirig point of the indoor 
and outdoor temperature curves in the early evening hours is known 
: for a given day, and the subsequent minimum outdoor temperature 

is obtained from the weather reports, both the indoor temperature 
drop and the difference, C, can be evaluated from the temperature drop 
curve in Fig. 17, corresponding to the particular method of night opera- 
tion. The indoor temperature at 6 a.m. can then be found by subtract- 
ing the indoor drop from the temperature at the crossing point. By 
the aid of these data and the rise in outdoor temperature, D, in Fig. 22, 
the rise in indoor temperature and the maximum indoor temperature 
attained in the house next day can be calculated. If some relation 
could be shown between the temperature at the crossing point and the 
minimum outdoor temperature following it, or the drop from the cross- 
ing point to the minimum outdoor temperature, then, for a given 
method of night operation, the probable maximum temperature at- 
tained in the house next day could be predicted for various combina- 
tions of outdoor minimums and succeeding outdoor maximums 
obtained from weather reports. 

The relation between the temperature at the crossing point, G, and 
the minimum outdoor temperature, K, obtained from the observed 
data is shown in Fig. 23. Lines representing equal temperature drops 
from the temperature at the crossing point to the minimum outdoor 
temperature have been added. From the spread of points in Fig. 28, 
it may be observed that a number of different crossing point tempera- 
tures may exist for any given minimum outdoor temperature, but 
the points corresponding to observed data all lie in a band that can be 
included between two lines representing upper and lower limits. Under 
these circumstances, for a given series of tests in which the tempera- 
ture of the crossing point is known from the test data, the solution for 
the maximum indoor temperature for the next day is obvious and 
simple. The difficulty in applying the curves to the prediction of the 

maximum house temperature in general, when no test data are avail- 
able but when the method of operation is given and the minimum and 
maximum outdoor temperatures are known from the weather reports, 
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lies in the fact that, while all of the other factors are known or 
determinable from the curves, the temperature at the crossing point is 
a casual factor depending on the previous history of the house and the 
weather. It may be noted from Fig. 23, however, that, over the whole 
range of observed weather conditions, the temperature drops from the 
crossing point to the minimum outdoor temperature, with few excep- 
tions, were above 10 deg. F., and did not exceed 18 deg. F. Hence, it 
is possible to establish upper limits for the maximum indoor tempera- 
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ture, above which this temperature would not rise with given combina- 
tions of maximum and minimum outdoor temperatures. 

Assuming 18 deg. F. and 15 deg. F. drops, from Fig. 23, as char- 
acteristic of the most severe and of average weather, respectively, the 
curves in Fig. 24 have been drawn representing maximum probable 
indoor temperatures resulting from various combinations of minimum 
and maximum outdoor temperatures occurring in connection with the 
most favorable and the least favorable methods of night operation. 
These may be used to predict the probable maximum indoor tempera- 
ture from the weather reports of a given summer season. 

Experience at the Research Residence seemed to indicate that 
approximately 82 deg. F. dry-bulb was a critical temperature from 
the standpoint of comfort. Without artificial cooling, and with the 
usual indoor relative humidity of from 50 to 60 per cent, conditions 
were reasonably comfortable if the indoor temperature did not exceed 
81 deg. &. This was equivalent to an effective temperature of between 
74 and 75.5 deg. F. Hence 81 deg. F. dry-bulb was accepted as the 
upper limit for comfort without cooling, and for the cooling tests the 
cooling plant was started when the indoor temperature reached 81 
deg. F. on the second story. Under these conditions, owing to the 
reduction in indoor relative humidity when the cooling plant was in 
operation, the effective temperature remained somewhat below the 75 
deg. F. indicated as the upper limit on the comfort chart. 

Figure 25 shows the various combinations of maximum and mini- 
mum outdoor temperature occurring at Urbana, Illinois, during the 
summers from 1927 to 1933. Practically all of the plotted data could 
be included between two lines representing upper and lower limits, 
From these curves it may be observed that with a maximum outdoor 
temperature of 100 deg. F. the preceding minimum would not have ex- 
ceeded 78 deg. F. Judging from the upper limit line shown in Fig. 23, 
with this minimum outdoor temperature, the greatest drop from the 
crossing point to the minimum would be of the order of 13 deg. F., and 
certainly would not exceed 15 deg. F. Hence, from the upper curves in 
Fig. 24, for a day on which the maximum outdoor temperature was 100 
deg. F., with 78 deg. F. minimum outdoor temperature the night pre- 
ceding and a 15 deg. F. drop in temperature from the crossing point to 
the minimum outdoor, a maximum indoor temperature not to exceed 92 
deg. F. would be expected if the attic fan had been operated during the 
night. On the other hand if the house was operated on natural ventila- 
tion with partly open windows, as in Series 1-33, an indoor temperature 
of 94.5 deg. F. might be obtained. During one season comparatively 


VA 
On (IN, Meaxinum Indoor. 
LN Air Ternperature 1s 81°F. 
Aaya (With Night Cooling) 


K i | | ' 1 
aK Indoor Air ED lee 


74 
| 
coe 
Vat al_] 
BARC 
bub al 


VA 
\\ 


J 
} 


2 PSnviog 
. SSenee tee tent 
e ia cll tO og LO ot le |_| 
IN URES Be SS eae Baws 
Ss | | hore wlitelelolaicl Tey tials 
# eet ear 
N erat eet. bet pel eat 
: soececttasseer4uuuece 
% 0-0 oO O D Z| 
N aS oe J¢ 2 Ole GRR 4k ReaD 
~ 70 Soo Ge SUS SE eS Aaa 
. FECES eC cose Aununnannn 
Q © Ay O—O0-ON O—O O—O 
BEBOCES: Cee ee eee pare | 
\ -O0 0-0 O—O—O O 
< JSR SOsGs: 2oEs pe Tel UPate pee) ae ha 
N os He eel (25 eS aeaneen 
s TT apres ey SA Maxitiuin raaoor Air Tér- 
faa O00 ap, perature above &/°F 
gz 
Ee 
lal 


a] 
KES 


MEE: 
Lal 
Jal 8 

® OT a] 

J J 

In) 


ale 
B 
| 
ar 
Pa 


SERS 
ia 

= 
ERC 


Pry 
nu 


BErae 
BaAaRe 
|] 

ae 
el 
Ne 
| NO 
we 

a 

El 


eerste lege te Te) 
60 65 90 Clay 1/00 105 HO 
MMaximutn Outdoor Temperature in deg. F 


Miriinuta Outdoor Terr 


Fig. 25. ComBINATIONS oF OuTpooR Maximum anp Minimum 
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Small figures against plotted points represent number of readings. 


few 100 deg. F. days would occur. There might be a considerable 
number of 95 deg. F. days, however. In this case, Fig. 25 indicates a 
possibility of a minimum outdoor temperature of 76 deg. F. and Fig. 
23 of a 15 deg. F. temperature drop. These conditions would result in a 
maximum indoor temperature of 88.5 deg. F. succeeding a night of 
operation with the attic fan, and of 92 deg. F. for natural ventilation 
with partly open windows. Both of these indoor maximum tempera- 
tures are considerably above the 81 deg. F. representing the limit for 
comfort. 

It is of some interest to consider the number of days that the 
maximum indoor temperature might have exceeded 81 deg. F. if the 
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attic fan had been operated at night over the whole period of a season. 
It may be observed from Fig. 23 that, at a minimum outdoor tempera- 
ture of 68 deg. F., the upper limit line falls midway between tempera- 
ture drops of 18 deg. F. and 15 deg. F. Hence a maximum temperature — 
drop of 18 deg. F. may be regarded as representative of all minimum 
outdoor temperatures below 68 deg. F., and one of 15 deg. F. as | 
representative of all minimum outdoor temperatures above 68 deg. F. — 
Assuming this to be true, and obtaining from Fig. 24 the maximum 
indoor temperature for the actual maximum and minimum outdoor 
temperatures shown by the weather reports for each day in the sum- 
mers of 1932 and 1933, it was found that there would have been 37 
days in 1932 and 47 days in 1933 on which the maximum indoor tem- 
perature might have exceeded 81 deg. F. This, of course, represents 
the upper limit, and it is possible, since Fig. 23 shows that about % of 
the total number of observed points were below the 15-deg. F. drop 
line, that actual operation might have resulted in approximately 25 and 
32 days, respectively. 

The 15 deg. F. and 18 deg. F. temperature drop lines representing 
an indoor maximum temperature of 81 deg. F. have been transferred 
from the upper curves in Fig. 24 and shown in Fig. 25. Since, as 
shown in Fig. 23, the 15-deg. F. drop line is the most probable upper 
limit for outdoor minimum temperatures above 68 deg. F. and the 
18-deg. F. drop line for outdoor minimum temperatures below 68 deg. 
F., the line MN in Fig. 25 represents a limit line above and to the 
right of which any combinations of outdoor maximum and minimum 
temperatures may certainly be expected to result in indoor maximum 
temperatures exceeding 81 deg. F., and below and to the left of which 
any combinations may be expected to result in maximum indoor 
temperatures not exceeding 81 deg. F. From the points of intersection, 
M and N, it is evident that the maximum indoor temperature will 
always exceed 81 deg. F. if the outdoor maximum reaches 94 deg. F., 
and may do so if the outdoor maximum rises above 84 deg. F. Hence it 
is probable that night operation with a fan, even under the ‘most 
favorable conditions, cannot be depended upon to result in comfort 
over the whole of a summer season in a climate similar to that of 
Urbana, Illinois, unless supplemented part of the time by some form 
of artificial cooling. It can be used, however, to alleviate conditions 
even in the most severe weather, and in this respect may prove satis- 
factory to a considerable number of householders to whom the cost of 
a cooling plant might be prohibitive. 
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33. Cooling with Air from Outdoors at Night Supplemented by 
Cooling with Ice During Day.—Since the tests on cooling with air 
from outdoors at night proved that for part of the season the use of 
this method alone could not be depended upon to prevent the tempera- 
ture in the house from rising above 81 deg. F. on the following day, 
some tests were conducted in which the circulation of outdoor air at 
night was supplemented by the use of a limited amount of ice during 
the day. For this purpose the amount of ice used was restricted to a 
maximum of 700 lb. during the day, and the procedure is discussed in 
Section 14. The three most favorable methods of night operation, 
involving the basement and attic fans and natural ventilation, were 
used with the object of determining the total tonnage of ice that would 
be necessary for the season if the daily consumption were restricted to 
a maximum of 700 lb. 

Figure 26 shows temperature and indoor relative humidity curves 
for somewhat similar days and for two characteristic conditions in the 
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operation of the cooling plant. The test of June 30 illustrates a case 
in which it was necessary to increase the rate of ice meltage, and for 
which the 700 lb. allotment was all melted before the outdoor tempera-_ 
ture dropped 3 deg. F. below the indoor temperature, thus permitting 
the windows to be opened. In the case of all of the cooling tests the © 
windows were not opened at any stated time, but the time was de- 


termined by the rate of decrease in the outdoor temperature, as dis- — 
cussed in Sections 12 and 14. Only a few days similar to June 30 were — 


encountered for which it would have been necessary to increase the — 


meltage to somewhat more than 700 lb. in order to maintain the 
indoor temperature below 81 deg. F. In these cases the sacrifice in 
comfort was slight because the indoor relative humidity did not 
increase rapidly after the ice meltage was stopped, and the period 
before the windows were opened was comparatively short. The remain- 
ing tests shown in Fig. 26 illustrate cases in which the 700 lb. of ice 
were more than sufficient to maintain 81 deg. F. until the outdoor tem- 
perature was 3 deg. F. below that indoors. 

The four tests shown in Fig. 26 prove that the amount of ice used 
was dependent both on the maximum temperature attained during the 
day and on the history of the preceding night. The tests of September 
8 and 9 indicate that as a hot wave progressed and the maximum and 
minimum outdoor temperatures increased from day to day, the ice 
required increased because the cooling plant either had to be started 
earlier, or had to be operated longer before the outdoor temperature 


dropped 3 deg. F. below the indoor. The latter case is illustrated by — 


the test of September 9 for which the outdoor temperature did not 
decrease as rapidly as it did on September 8. No cooling was required 
on September 7, although the maximum outdoor temperature was “91 
deg. F., which was comparable with July 10, and very little cooling was 
Peauived on September 8 when the maximum outdoor temperature rose 
to 93 deg. F. July 10 was preceded by a hot day during the night of 
which the minimum outdoor temperature was 69 deg. F. as compared 
with 67.5 deg. F. attained in the early morning hours of September 8. 
Hence the minimum indoor temperature was reduced to only 75 deg. 
F. to start the day of July 10 as compared with 72.5 deg. F. to start 
the day of September 8. Again on September 9, the minimum indoor 
temperature was reduced to 72.5 deg. F. in the early morning hours, 
and September 9, for which the maximum outdoor temperature reached 
96 deg. F., required about the same amount of ice as July 10, for which 
the maximum was 90 deg. F. 
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A few tests, Series 9-33, with a room cooling unit in the living 
room proved that, with outdoor temperatures as high as 93 deg. F., the 
temperature in the living room, lower hall, and dining room could be 
maintained at from 77 deg. F. to 80 deg. F. The temperature in the 
kitchen rose to 82 deg. F. but conditions were not particularly uncom- 


_ fortable because the relative humidity maintained in the kitchen was 
_ the same as that in the other first-story rooms. The relative humidity 


was reduced from a value of about 70 per cent to one of about 55 per 
cent. The unit produced no noticeable effect on the conditions on the 


- second story. 


In the cases discussed in Section 32, where no cooling was employed, 
the temperature corresponding to the crossing point of the indoor and 
outdoor temperature curves was a more or less casual factor, and the 
prediction of the maximum indoor temperature was confined to certain 


- limiting values. In the case where the cooling plant is to be used con- 


sistently throughout the season, however, and the plant is started 
whenever the indoor temperature rises to 81 deg. F., the temperature 
at the crossing point could usually be maintained at approximately 80 
deg. F. Hence, for a given method of operation at night, the curves in 
Figs. 17 and 22 used in connection with the minimum and maximum 
outdoor temperatures obtained from the weather reports for a given 
season afford a comparatively certain means of predicting the num- 
ber of days on which the indoor temperature would reach 81 deg. F. 
and necessitate starting the cooling plant. If the ice meltage is limited 
to 700 lb. a day, and it is assumed that the 700 lb. are always melted, 
then the product of 700 and the number of days requiring the use of 
the cooling plant represents the maximum limit of the amount of ice 
required per season. It is true that a few days were observed for 
which somewhat more than 700 lb. of ice would have been required to 
maintain the indoor temperature below 81 deg. F., but these days were 
more than offset by the ones not requiring the entire 700 lb. Hence, 
the amount of ice obtained by the method outlined would be the 
maximum. 

On the assumption that the attic fan is used at night and the 
crossing point temperature is limited to 80 deg. F., if an outdoor mini- 
mum temperature of 68 deg. F. is observed the indoor temperature drop 
of 8.1 deg. F. may be obtained from Fig. 17. This represents an indoor 
minimum, or temperature at 6 A.m., of 71.9 deg. F. The temperature 
difference, C, shown in Fig. 22, would then be 3.9 deg. F. If the out- 
door temperature attained a maximum of 95 deg. F. the next day, the 
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outdoor rise would be 27.0 deg. F., and the indoor rise corresponding to 
a value of 3.9 deg. F. for C would be 12.0 deg. F. Hence, the indoor 
_ temperature would rise to 83.9 deg. F. if no cooling were employed, 
: indicating that the cooling plant would have to be started. By follow- 
ing this procedure for all of the recorded outdoor maximum and mini- 
_ ™mum temperatures for the summer, the number of days requiring 
cooling and the maximum amount of ice required for the season may 
_ be obtained. This procedure has been followed for four different 
_ methods of night operation for the seasons of 1932 and 1933, and the 
' summary is given in Table 5. Neither season would have required any 
cooling in the month of May. 

During the summer of 1932, which included 1471 degree-hours 
above 85 deg. F., 43.3 tons of ice were required under the system of 
operation followed for that summer. It is of considerable interest to 

note that if advantage had been taken of the possibility of circulating 
outdoor air at night and an attic fan had been used under conditions 
corresponding to those for Series 7-33 and 8-33, in which the total 
daily ice meltage was restricted to a maximum of 700 lb., the prob- 
able ice requirement would have been only 10 tons. With natural 
ventilation with all windows open the requirement would have been 
12 tons, and with the basement fan with 8 windows partly open it 
would have been 14 tons. Even with the least favorable method of 
night operation the requirement would have been only 23 tons. The 
summer of 1933 included 2310 degree-hours above 85 deg. F., and, as 
indicated in Table 5, the ice requirements would have been somewhat 
greater than those for the summer of 1932. However, the table presents 
concrete evidence that even the least favorable method of circulating 
the cool air from outdoors at night, when used to supplement some 
form of artificial cooling during the day, has merit as a means of 
reducing the cost of summer cooling to an amount that may not be 
prohibitive for the average householder. 


34. Conclusions—The following conclusions may be drawn as 
applying to the Research Residence and the conditions under which the 
tests were conducted: 

(1) The circulation of air from the outdoors at night, when used 
as a supplement to artificial cooling during the day, has considerable 
merit in reducing the seasonal cooling load that would otherwise be 


required. 
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(2) The circulation of air from the outdoors at night may make © 


the use of artificial cooling unnecessary for a considerable portion of 
the summer season. 

(3) If the best means of circulating air from the outdoors at night 
had been used at the Research Residence during the summer of 1932, 


and the amount of ice melted during any one day had been restricted 


to a maximum of 700 lb., the ice meltage could probably have been 
reduced from the 43 tons actually used to an amount of the order of 
10 tons. 


(4) The practice of partly opening a few windows at night is not — 


very effective as a means of circulating air from the outdoors. 


(5) The use of a fan in a forced-air heating system to circulate 
from 6 to 9 air changes per hour from the outdoors at night is much 
more effective than opening a few windows even when the same 
amount of window opening is retained for the two cases. 

(6) The use of a fan in a forced-air heating system to circulate 
9 air changes per hour is more effective if all of the windows and the 
attic door or hatchway are opened than if only a few windows are 
opened. 

(7) The most effective method of circulating air from the outdoors 
at night is to open all of the windows and to use a fan drawing the 
equivalent of approximately 17 air changes per hour into the windows 
of the first and second stories and discharging the air into the attic to 
escape from the attic windows. 


(8) In the case of a two-story house similar to the Research Resi- 
dence having an ample attic with dormer windows and large attie 
door, opening all of the windows and the attic door is nearly as effec- 
tive for circulating air from the outdoors at night as the use of an 
attic fan producing approximately 17 air changes per hour. 

(9) The use of an attic fan or a fan in the forced-air heating sys- 
tem to circulate outdoor air at night is not as effective in cooling the 
Residence as a whole when the second-story windows only are opened 
as it is when windows on both stories are opened. 

(10) Satisfactory cooling with outdoor air at night probably can- 
not be accomplished by employing less than 9 air changes per hour. 
The gain arising from the use of more than 30 air changes per hour is 
very small. 

(11) There is some advantage in opening the windows at 6 P.M. 
rather than at 9 P.m., even if the outdoor temperature is slightly higher 
than the indoor temperature at 6 P.M. 
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VI. Resuuts or TESTS ON COOLING WITH 
MeEcHANICAL REFRIGERATION 


35. Preliminary Statement—The tests conducted with mechanical 
refrigeration differed somewhat from those conducted with’ ice as the — 
cooling medium in that in the latter case no outdoor air was introduced — 
in excess of that resulting from normal infiltration around windows and ~ 
doors, while in the case of mechanical refrigeration the equivalent of 
one air change per hour from outdoors was introduced by means of a 
fan delivering air into the suction side of the system. Furthermore, 
two series of tests were run, one in which artificial cooling during the 
day was not supplemented by the circulation of air from outdoors at 
night, and one in which the second-story windows and the attic door 
were opened at night and outdoor air was circulated by means of the 
basement fan. The details for these methods of operation are dis- 
cussed in Sections 15 and 16. 


36. Mechanical Refrigeration Not Supplemented by Cooling with 
Air from Outdoors at Night——The operating characteristics of the cool- 
ing plant and a comparison of the actual and calculated cooling loads 
for the house can best be illustrated by the results obtained on a 
typical day. For this purpose, a test made on June 27, 1934, was 
selected, and the results are shown in Fig. 27 and Table 6. On this 
day the outdoor temperature was 97.1 deg. F. at 2 p.M., and reached 
a maximum of 99.0 deg. F. at 3:45 p.m. At that time the house was 
being operated on Series 4-34, and the windows had remained closed 
during the night preceding the test. The fan in the forced-air system 
had continued to operate during the off period of the compressor, 
shown from 1:30 a.m. to 6:30 a.m. in Fig. 27, and ventilating air from 
the outdoors was drawn in, resulting in a rise in the relative humidity 
indoors. At 6.30 a.m. the snaipreseor was started through the action of 
the thermostat and operate? intermittently until 11:20 a.m. The com- 
pressor operated continuously at full load capacity from 11:20 a.m. to 
11:15 p.m., at which time intermittent operation was resumed. During 
the long off period from 1:30 a.m. to 6:30 a.m., the cooling coil evi- 
dently warmed up and the temperature became practically the same as 
the air temperature. The intermittent periods of operation were not 
sufficiently long to establish equilibrium, and full capacity of the 
machine was not absorbed from the air until the compressor started 
to operate continuously. 

During the hours from midnight to 5 a.m. the indoor temperature 
remained constant owing to the effect of the heat capacity of the 
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structure, while the calculated load curve showed a decreasing cooling 
load. From 6 a.m. until 10 a.m. the actual average load approximated 
the calculated load. After 10 a.m., however, the actual load was less 
than the calculated load until approximately 6:10 P.M., at which time 
the two became equal. The calculated load attained a maximum of 
38 240 B.t.u. per hour, while the actual load never rose above 30 500 
B.t.u. per hour. The effect of heat lag of the structure is most strik- 
ingly shown in the period from 6:10 p.m. to 11:15 p.m. At the latter 
time the calculated load had decreased to 13 000 B.t.u. per hour, while 
27 500 B.t.u. per hour were still being absorbed from the air. During 
the day the temperature of the air indoors rose from 79 deg. F. to 81 
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deg. F. From 6:10 p.m. to 11:15 p.m. the indoor temperature was re- 
duced from 81 deg. F. to 79 deg. F. This was taken into account in the 
calculated load curve, but is not sufficient to explain the wide discrep- 
ancy between the actual and the calculated loads. From 11:15 p.m. to 
3 a.m. the calculated load continued to decrease somewhat more rapidly 
than the actual load. 

The calculated cooling load was based on the first and second 
stories only. It included the heat transmission through the walls, floors, 
ceilings, and glass, sun effect on walls and glass, sensible heat brought 
in by the air used for ventilation, heat brought in by moisture in the 
air used for ventilation, heat from four occupants, heat from lights, 
and heat scpolied by the electrical input to the fan, and was based 
on the hourly observed indoor and outdoor wet- and dry-bulb tempera- 
tures. The heat equivalent of the electrical input to the compressor 
motor was not included as it was regarded as all being dissipated in 
the basement. An attempt was made to determine the pressure built 
up in the first and second stories by the operation of the ventilating 
fan. While this did not result in a quantitative determination of the 
actual pressure, it did indicate that the pressure was slightly greater 
than atmospheric. Hence it was considered that infiltration through 
windows could be neglected and all infiltration could be credited to 
the air brought in for ventilation, amounting to approximately one air 
change per hour. The details for calculating the hourly cooling load 
are given in Appendix B. 

For the purpose of comparison, the design load calculated by the 
method outlined in the A.S.H.V.E. Guide, 1934, has been shown as a 
single point in Fig. 27. Certain modifications and assumptions were. 
necessary in applying this method. The heat transmitted through 
the windows from the sun was obtained by using a value taken at 
2 p.m. from the intensity curves given in the Guide, and by multiplying 
this result by 0.28* to allow for the shading effect of the awnings. In 
order to obtain the sun effect on the walls a value of 25 deg. F. was 
added to the difference in temperature between outdoor and indoof air 
as recommended. The south and west walls only were regarded as ex- 
posed to the sun, and 50 per cent of the net area of these walls was 
regarded as shaded by awnings and shutters. The design temperatures 
of 91 deg. F. dry-bulb and 75 deg. F. wet-bulb were selected from the 
table in the Guide, and the average of 80 deg. F. was used for the 
indoor temperature. The temperature in the attic was assumed to be 


*“Studies of Solar Radiation Through Bare and Shaded Windows,” by F. C. Houghten, Carl 


Gotberlot, and J. L. Blackshaw, Trans. Amer. Soc. Heat. and Vent. Eng. Vol. 40, 1934, pp. 
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15 deg. F. higher than the outdoor temperature. It may be observed 
that this calculated design load was 37 500 B.t.u. per hour as com- 
pared with the actual load of approximately 30 000 B.t.u. per hour. 
The latter proved sufficient to cool the house satisfactorily. 

The indoor relative humidity was approximately 61 per cent until 
9 a.M., as indicated in Fig. 27. During the early period of intermittent 
operation of the compressor the relative humidity decreased until the 
compressor started to operate continuously; at that time it assumed a 
value of approximately 45 per cent, and remained practically con- 
stant at this value until the compressor again started to operate 
intermittently. 

Characteristic results obtained during the continuous operating 
periods of the compressor are shown in Table 6. The air conditions 
at different locations are given in the first ten items of the table. The 
dry-bulb temperature on the second story was only 1.0 deg. F. higher 
than that on the first, thus representing a very satisfactory balance 
of the cooling on the two stories. The ventilating air was taken from 
a large sunken window areaway on the north side of the Residence. 
This areaway was at the junction of the main body of the house and 
the north wing forming the kitchen, and hence was protected from the 
sun on both the south and the west. The temperature of the ventilating 
air was therefore somewhat lower and the relative humidity somewhat 
higher than the corresponding values for the outdoor air. The temper- 
ature of the cooled air leaving the registers was never lower than 68.0 
deg. F., and no difficulty was experienced from drafts in the rooms. 
The rise in temperature of the air passing through the furnace casing 
and ducts was 4.4 deg. F. The quantity of air circulated was 1260 
cu. ft. per min., which amounted to 5.3 air changes delivered by the 
fan per hour or 522 cu. ft. per min. per ton of refrigeration absorbed 
from the air. With this amount of air, the velocity through the face 
area of the coil was 368 ft. per min. and the temperature drop was 15.9 
deg. F. This corresponded closely with the 350 ft. per min. and the 15 
deg. F. drop used for the design. The free area velocity of 598 ft. per 
min. did not prove to be sufficient to carry any condensed moisture 
away from the surfaces of the cooling coil. 

The useful refrigerating effect, or heat absorbed by the cooling 
coil was 29 065 B.t.u. per hour, which compared favorably with the 
nominal rating of 29 500 B.t.u. per hour, although the temperature 
of the refrigerant as shown by item 25 was considerably above the 
32 deg. F. on which the rating was based. Item 25 indicates that con- 
siderable superheating occurred in a large portion of the evaporator 
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or cooling coil. The ratio of the useful refrigerating effect to the heat 
absorbed by the water passing through the condenser was 0.95. This 
high ratio may be explained by the fact that considerable heat was 
lost from the condenser coil to the air in the basement, which would 
otherwise have been absorbed by the water and thus would have re- — 
duced the value of the ratio. However, this ratio, obtained for long 
operating periods of the compressor on each test, proved valuable in 
checking the calculated refrigerating effect for the periods of inter- 
mittent operation, during which the validity of using average tempera- 
tures for the air and average weights for the water condensed on the 
coil is somewhat uncertain. Such calculations based on averages for 
widely fluctuating conditions resulting from intermittent operation are 
always subject to some uncertainty. 

As shown in item 16 the useful refrigerating effect, or heat absorbed 
by the cooling coil, was obtained by computing the heat absorbed by 
the air, which was separated into the sensible heat given up by the 
dry air and the heat given up by the change in the moisture content 
of the air in passing through the cooling coil. In connection with the 
latter heat quantity, some difficulty was experienced in obtaining ac- 
curate readings of the wet-bulb temperatures as observed by means of 
recording thermocouples. The wicks used on these recording thermo- 
couples became fouled in a short time, thus affecting the accuracy of 
the observed wet-bulb temperature. However, a sufficient number of 
accurate readings was obtained to prove that no great amount of varia- 
tion occurred in the weight of air and in the entering and leaving wet- 
and dry-bulb temperatures for the air passing through the cooling 
coil during periods of compressor operation. The weighed amounts of, 
water condensed on the coil were therefore accepted as being accuraté, 
and the heat absorbed was obtained by multiplying this weight by a 
constant value representing the heat given up by the change in mois- 
ture content of the air per pound of water vapor condensed. This 
latter included the latent heat and superheat in the water vapor con- 
densed, and the change in the superheat in the water vapor remaining 
in the air after passing the cooling coil, and amounted to 1050 B.t.u. 
per pound of vapor condensed. The weight of water vapor condensed 
varied from 12.5 to 3.4 pounds per hour based on the periods of con- 
tinuous operation for the compressor, or from 7.2 to 1.2 pounds per 
hour based on the total length of the test period over which artificial 
cooling was required. 

Item 21, the heat absorbed by the water passing through the con- 
denser, the compressor heads, and the piping in the basement, H,,, 
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represents all of the heat that was removed from the house with the 


exception of that which might have been lost through the basement 


walls. In order to separate the heat gains introduced by the presence 


_ of the refrigerating machine in the basement, such as electrical and 


mechanical losses in the compressor motor, mechanical losses in the 
compressor and drive, and heat losses from the condenser and com- 
pressor heads, from the net heat gains which were independent of the 
presence of the machine, the following heat balance on the house as 
a whole may be made: 


H,, = H + H,,or H = H, — H, 


total heat removed by the cooling water from the 
point of entrance to the point of drainage. 

net heat gain of house, including heat transmission 
through walls, ceilings, and glass, infiltration, 
ventilating air, heat from lights and fan motor, 
and heat from occupants, but excluding heat loss 
through the basement walls. 

heat equivalent of electrical input to the compressor 
motor. 


The net heat gain, H, is shown as item 23 in Table 6. Item 16, 
the heat absorbed by the cooling coil, represents the useful refrig- 


In which H,, 


I 


H 


I 


H, 


I 


_ erating effect, and since ultimately all of the cooling in the house had 


to be accomplished by means of the air passing through the coil, it also 
represents the total amount of refrigeration that had to be expended 
to cool the house under the conditions of operation with the machine in 
the basement. If this heat is represented by H,, then the ratio H/H, 
becomes an index of the additional cooling load imposed by the 
presence of the refrigerating machine in the basement, since this ratio 
would be 1.0 if it were possible to operate with no heat loss from the 
machine or condenser. In some respects this ratio is analogous to the 
overall house efficiency which may be obtained for winter heating. 
The value of 0.767, given as item 24, is relatively low as compared 
with overall house efficiencies obtained for winter heating. Since 
H =H, — H, is the net heat gain for the house, it may be observed 
that for given outdoor weather conditions any increase in the heat loss 
from the machine or condenser must be compensated for by readjust- 
ments in H, and H-. These readjustments must be such that the 
difference, H, remains constant. Any such increase in losses, however, 
will be directly reflected in an increase in H,. Hence the ratio H/H, 
will decrease rapidly as the losses from the machine or condenser are 
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increased. Insofar as operating costs are concerned, it would there- 
fore seem to be advantageous to insulate the condenser or to install 
the machine outside of the house. F 

The general results for all of the tests with mechanical refriger= 
ation are shown in Table 7. It may be observed from column 33 that 
beginning with Test No. 17-34, a decrease in the ratio H/H, occurred 
up to, and including, Test No. 24-34. This was caused by a gradual 
loss of the charge of refrigerant occurring over this period. As a re- 
sult, the compressor did not operate as efficiently, and the heat losses 
from the machine and condenser became a larger portion of the useful 
refrigerating effect. The refrigerant had no odor and the gradual loss 
of the charge was obscured by other factors. A small decrease in the 
drop in temperature was observed, but it was erroneously attributed 
to an increase in outdoor relative humidity which occurred at about 
this time. Furthermore, the electrical input to the compressor motor 
which was observed by means of an integrating wattmeter did not 
decrease sufficiently to attract attention. The indoor temperature, 
however, was maintained lower than 81 deg. F. until Test No. 22-34. 
Hence, only the three tests, Nos. 22-34 to 24-34, inclusive, have been 
regarded as of doubtful value, and these are useful in determining the 
effect on comfort of maintaining an indoor temperature higher than 
81 deg. F., which is discussed later. The machine was recharged after 
Test No. 24-34 and on Test No. 26-34, during which the maximum 
outdoor temperature rose to 101.4 deg. F., the ratio H/H; rose to a 
normal value, and the indoor temperature was maintained at 80.3 
deg. F., indicating that with a normal charge of refrigerant no difficulty 
would have been encountered in maintaining an indoor temperature 
of 80 deg. F. on the three preceding days for which the maximum 
outdoor temperature was from 100.0 deg. F. to 102.8 deg. F. This ex- 
perience, however, in which the loss of the charge was obscured by 
other factors even with the machine under constant observation, in- 
dicates that, from the standpoint of the householder, it would be ad- 
vantageous to introduce some odor, or other positive means of indi- 
cating a leak before the loss of the whole charge has occurred. 

The total cooling load for the day, expressed as the total B.t.u. 
absorbed from the air during the overall period of compressor oper- 
ation, is shown in Fig. 28 plotted against the degree-hours above 85 
deg. F. per day. The base temperature of 85 deg. F. was selected 
because it was found that usually no cooling was required unless the 
outdoor temperature was approximately 85 deg. F. or above. Curves 
for both total heat and sensible heat are shown, and the difference 
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between these curves represents the heat due to the change in the 7 
moisture content of the air. This moisture load varied from approxi- — 
mately 25 per cent to 30 per cent of the total load. One point, at — 
60 degree-hours, deviates widely from the total heat curve, but does 
not deviate very widely from the sensible heat curve. On this par- 
ticular test, No. 29-34, the outdoor relative humidity was 83.5 per 
cent, the highest recorded during the summer, and the load due to 
moisture was excessive. 


37. Mechanical Refrigeration Supplemented by Cooling with Arr 
from Outdoors at Night—A comparison between the heat absorbed 
by the cooling coil in Series 4-34, for which no cooling with outdoor air 
at night was employed, and that in Series 3-34, for which supple- 
mentary night cooling was used, may be obtained from Fig. 28. The 
data for Tests Nos. 22-34 to 24-34 inclusive have been omitted from 
these curves because the average indoor temperature was higher than 
81 deg. F. and these tests were not regarded as being comparable with 
the others. The results from the two series of tests form two fairly 
well-defined curves. More deviations occurred in the points repre- 
senting the data from Series 3-34 because the amount of artificial 
cooling required during the day was directly influenced by the out- 
door conditions on the preceding night. The curve represents median 
conditions, and if the night was exceptionally cool less artificial cool- 
ing was required the next day, while if the night was exceptionally 
warm the reverse was true. In the case of Series 4-34, for which the 
windows were not opened at night, the variations in the outdoor 
conditions at night were not so directly reflected in the amount of 
cooling required, and hence less deviation occurred between the 
median curve and the points representing individual tests. 

From the curves in Fig. 28 it is apparent that considerable saving 
in the amount of mechanical refrigeration required for cooling may be 
effected by supplementary cooling with outdoor air at night, even 
when the latter is confined to that which may be obtained by opening 
only the second-story windows at night and employing 9.2 air changes 
per hour as furnished by the fan in the forced-air heating system. 
This is particularly true for milder weather. For Series 3-34 the 
windows were opened when the outdoor effective temperature became 
the same as that indoors. As the nights became warmer, this opening 
time occurred later, and when the degree-hours per day reached a 
value of approximately 110 no windows were opened and Series 3-34 
merged into Series 4-34. On days for which the maximum outdoor 
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temperature reached 80 to 85 deg. F. the windows were opened at. 
about 7 p.m. and no cooling was required the next day. When the 
maximum outdoor temperature was from 85 to 95 deg. F. the windows 
_ were opened some time between 8 and 10 P.m., and artificial cooling 
_ was required the next day. When the maximum outdoor temperature 
_was above 95 deg. F. and the indoor and outdoor effective tempera- 
tures did not equalize until later than midnight, the windows were 
not opened, and artificial cooling was employed during the whole of 
the 24 hours. / 
The curves in the lower portion of Fig. 28 were computed from the 
total heat curves in the upper portion, and represent the total time 
that the compressor would be required to run delivering a constant 
mean refrigerating load of 29 000 B.t.u. per hour. The actual run- 
ning times obtained from the observed data for the individual tests 
have been plotted as points on the curves. A study of these points 
shows that, with the exception of four points near the upper end of the 
curves, they fell in about the same positions relative to the curves as 
the points fell relative to the total and sensible heat curves in the 
upper portion of Fig. 28. Of the exceptions, the three upper points 
represent data from Tests Nos. 22-34 to 24-34 inclusive, which were 
excluded from the heat curves because an indoor temperature below 
81 deg. F. was not maintained. The fourth point represents Test No. 
21-34, which was included in the upper curves because the indoor 
temperature was maintained at 80.7 deg. F. From column 33 in 
Table 7 it may be noted that for these four tests exceptionally low 
values of the ratio H/H, were obtained. A study of the points there- 
fore indicates that when the refrigerant leak started with Test 
No. 17-34, a gradual loss in efficiency occurred as evidenced by the 
reduction in the ratio of H/H,, but the loss of part of the charge did 
not affect the output of the machine until Test No. 21-34 was reached. 
At this point the output was decreased and although it was still pos- 
sible to maintain an average indoor temperature below 81 deg. F. it 
was accomplished by an increase in the running time of the compres- 
sor. For the points representing Tests Nos. 22-34 to 24-34 inclusive, 
it was not possible to maintain a temperature below 81 deg. F. even 
with the compressor operating continuously for 24 hours. Hence these 
three tests have been excluded in any consideration of the data. The 
point at 60 degree-hours, representing Test No. 29-34, is of interest as 
indicating the increase in running time that was made necessary by the 
moisture load imposed by an outdoor relative humidity of 83.5 per 
cent. It may also be observed that extrapolation of the curves to the 
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24-hour ordinate indicates that the compressor would not be required 


to operate continuously over the 24-hour period until the number of 


degree-hours per day above 85 deg. F. equalled, or exceeded, ap- 


proximately 150. Since this condition practically never occurs at — 
Urbana, Illinois, the data indicate that a refrigerating machine of — 


ee 


2% tons capacity is ample to maintain an indoor temperature not in — 


excess of 81 deg. F. in a two-story building similar in construction to 
that of the Research Residence located where the climate is similar 
to that at Urbana. 


38. Comfort Conditions—On all of the tests in which the average 
indoor temperature for the test was not above 81 deg. F. the maximum 
indoor temperature did not rise above 81.5 deg. F., and then only 


for a short time. With indoor relative humidities between 45 and — 


55 per cent this was equivalent to effective temperatures between 
74 and 75.5 deg. F. During the daytime these conditions were found 
to be comfortable both by members of the staff who occupied the 
Residence more or less constantly, and by visitors who were present 
for short periods only. The maximum discomfort occurred with the 
Series 3-34 tests during the hour just preceding the start of the com- 
pressor. After the windows were closed in the morning, the indoor 
dry-bulb temperature did not rise sufficiently to start the compressor 
until the late morning or early afternoon hours. During this time 
that the house was closed and the plant was not operating, the indoor 
relative humidity increased, and for a short time the house felt stuffy. 
Odors were also somewhat noticeable at this time. When the plant 
was started, both the slight discomfort and the odors disappeared. 
During the Series 4-34 tests, for which the windows were not opened, 
the plant operated either continuously or at short intermittent periods 
over the whole 24 hours, and no discomfort or odors were noticeable. 
The admission of outdoor air for ventilation amounting to approxi- 
mately one air change per hour was effective in overcoming any odors. 
At night, a temperature of 80 deg. F. was not entirely comfortable 
for a person lying down. The bed prevented the circulation of air over 
part of the body, and the remaining surface was apparently not suf- 
ficient for effective cooling. It is therefore possible that sleeping 
quarters should be cooled to a somewhat lower temperature than living 
quarters. 

On the three tests, Nos. 22-34 to 24-34 inclusive, for which the 
average indoor temperature was above 81 deg. F., the maximum 
temperatures attained during the day were 84.5, 85.2, and 86.0 deg. F. 
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During these times the house was distinctly uncomfortable to the occu- 
pants. On coming in from outdoors an observer would be satisfied for a 
short time owing to the contrast, particularly if the outdoor tempera- 
ture was approximately 100 deg. F. This effect was not lasting, how- 
ever, and indoor temperatures as high as 85 deg. F. do not seem de- 
sirable unless relative humidities lower than those obtained at the 
Research Residence are readily attainable. 


39. Actual and Estimated Seasonal Cooling Loads——Table 8 gives 
a summary of total quantities obtained for the season of 1934. The 
total of 2658 degree-hours above 85 deg. F., item 3, indicates that 
this season was severe as compared with those of 1933 and 1932, for 
which the degree-hours above 85 deg. F. were 2310 and 1471, re- 
spectively. This was caused by the comparatively large number of 
days on which the outdoor temperature rose above 90 deg. F. The 
hours above 85 deg. F. for the seasons of 1934, 1933, and 1932 were 
482, 493, and 329 respectively, while those above 90 deg. F. were 224, 
208, and 122. 

It is of interest to note that the total heat absorbed during the 
season with the two methods of operating the Residence from June 20 
to September 1 was 8 354 881 B.t.u., which was equivalent to an ice 
meltage of 29.0 tons. It is not usual to reject the water to the drain 
at a temperature of 32 deg. F. in the case of a plant using ice as a 
cooling medium. On the assumption that the water is rejected at ap- 
proximately 40 deg. F. and that advantage is taken of this additional 
cooling effect, an equivalent ice meltage of 27.5 tons could be obtained, 
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as shown by item 21. This equivalent tonnage would have been some- 7 
what increased if the plant had been in operation about May 15, but — 
it is probable that the 27.5 tons may be regarded as representative 
of the requirements under the existing conditions of operation for a 
season similar to that of 1934. This figure is not comparable, however, — 
with the 43.3 tons of ice actually used during the summer of 1932. For — 
the 1932 season the windows remained closed during the whole period — 
from June 1 to October 1, and no advantage was taken of the possible 
supplementary cooling with outdoor air at night. Furthermore, for 
one-half of the season no awnings were used on the windows. For the 
work in 1934, full advantage was taken of cooling with outdoor air at 
night for a large part of the season and the Residence was equipped 
with awnings during the whole season. 

Since the period over which the plant was in operation did not 
comprise the entire season, and since during the operating period two 
separate series of tests were run, one with supplementary cooling with 
air from outdoors at night and one without such supplementary cool- 
ing, direct experimental results on the total seasonal cooling load for 
either one of these conditions alone are not available. Furthermore, 
since the season for 1932 included 1471 degree-hours above 85 deg. F., 
while that for 1934 included 2658, direct comparison of the seasonal — 
loads obtained experimentally under the same operating conditions 
could not be made, even if such results were available. All of these 
seasonal loads can be estimated, however, with sufficient accuracy to 
permit comparisons by making use of the curves in Figs. 14 and 28, — 
and the method discussed in Section 25. Tabulation of the daily loads 
from the curves in Fig. 28 corresponding to the degree-hours per day 
for each day in the season of 1934 indicated that if the plant had 
been operated all of the season using mechanical refrigeration alone, 
not supplemented by cooling with air from outdoors at night, it would 
have operated 61 days and the total seasonal load would have been 
15 587 000 B.t.u. This would correspond to an equivalent ice meltage 
of 51.2 tons, on the assumption that the water was rejected at 40 deg. 
F. and that the difference between 40 deg. F. and 32 deg. F. was effec- 
tive for useful cooling. If the plant had been operated all of the season 
using mechanical refrigeration supplemented by cooling with air from 
outdoors at night, it would have operated 42 days and the total 
seasonal load would have been 10 508 500 B.t.u., corresponding to an 
equivalent ice meltage of 34.5 tons. This represents a reduction in 
cooling load of 32.6 per cent resulting from the use of cooling with air 
from outdoors at night to supplement artificial cooling during the day. 
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It should be emphasized at this point, however, that this 32.6 per cent 
does not represent the reduction in the cost of operation, because, 
: although the total number of hours that the fan was running was 
practically the same in the two cases, when cooling with air from 
outdoors at night more air was piroulated! and hence the power input 
_ to the fan was greater than it was when the fan was used for the same 
_ number of hours to draw the air through the cooling coil. 
Under the actual conditions of operation the plant was run from 
June 20 to July 21 with supplementary cooling with air from out- 
doors at night, and from July 21 to September 1 without supple- 
mentary cooling. If it had been operated from May 1 to July 21 with 
supplementary cooling and from July 21 to September 1 without sup- 
plementary cooling, it would have operated 47 days requiring cooling 
and the total seasonal load would have been 11 797 500 B.t.u., cor- 
responding to an equivalent ice meltage of 38.7 tons. This is not 
comparable with the 27.5 tons shown by item 21 in Table 8 obtained 
from the experimental data for the part of the season from June 20 to 
September 1, because the former applies to the whole season and the 
latter to only a part of the season. 

During the summer of 1932 data were obtained for the Research 
Residence when cooled with a plant employing ice as the cooling 
medium. It is of interest to compare the seasonal equivalent ice melt- 
age that would have been obtained with this plant with that which 
would have been obtained with the mechanical refrigeration plant 
when operated during the same season and under similar operating 
conditions. Data were obtained for both plants when operated a part 
of a season without supplementary cooling with air from outdoors at 
night and when the house was equipped with awnings. The season of 
1934 was selected as the common season, and the daily ice meltages 
from the curve for the house equipped with awnings from Fig. 14 
corresponding to the degree-hours for each day in the season of 1934 
were tabulated. This tabulation indicated that if the plant using ice 
as a cooling medium had been operated without supplementary cool- 
ing with air from outdoors at night and with the house equipped with 
awnings the total seasonal ice meltage would have been 58.8 tons. 
Under the same conditions of operation, it has been shown in a pre- 
ceding part of this section that the plant employing mechanical re- 
frigeration gave an equivalent ice meltage of 51.2 tons. Hence it is 
evident that the actual tonnage required for a given building is not 
greatly affected by the character of the plant. If supplementary cool- 

ing with air from outdoors at night were used in connection with the 
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plant employing ice as the cooling medium and for the season of 1934, 


the cooling load would have been reduced 32.6 per cent. Hence the 


consumption of ice would have been 36.9 tons as compared with 


34.5 tons of equivalent ice meltage for the plant using mechanical 


refrigeration. 


The value of 58.8 tons obtained by using the load distribution — 


curve of Fig. 14 in connection with the daily distribution of degree- 
hours illustrates the fallacy of calculating the probable total cooling 


load for a second season by using the load for the first season and the © 


ratio of the total seasonal degree-hours for the two seasons. The 


probable tonnage for the plant employing ice operated during the : 


season of 1932 comprising 1471 degree-hours above 85 deg. F., and 
with the Residence equipped with awnings during the whole season, 
was shown in Section 25 to be 40.3 tons. By using the ratio of the 


: 2658 X 40.3 
seasonal degree-hours, a seasonal tonnage of err = 72.8 


would have been obtained for the season of 1934. This is considerably 
greater than the 58.8 tons obtained by the use of the distribution 
curves, and the difference is caused by the fact that the cooling load 
per degree-hour increases with the outdoor temperature. Hence, 
owing to the preponderance of milder weather the weighted mean 
cooling load per degree-hour is less than the arithmetical mean 
obtained by dividing the total tonnage by the total degree-hours 
for the season. 


40. Cost of Operation—tThe limitations applying to cost data have 
been mentioned in Section 26. With due appreciation of these limi- 
tations, however, operating costs are of some interest. The following 
operating costs are based on local rates of $4.00 a ton for ice, $0.031 
a kw-hr. for electricity, and $0.33 per 1000 gallons for water. During 
periods of operation of the plant, when the fan was drawing air 
through the cooling coil, the average rate of consumption of electricity 
was 0.314 kw. During the periods when the fan was drawing air 
from outdoors at night the average rate of power input was 0.410 kw., 
and during the running periods of the compressor the average rate 
of power input was 2.836 kw. 

Based on these rates and the total quantities shown in Table 8, 
the actual operating cost for the season as actually run, consisting of 
mechanical refrigeration supplemented by cooling with air from out- 
doors at night from June 20 to July 21, and mechanical refrigeration 
not supplemented by cooling with outdoor air at night from July 21 
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o September 1 was $43.75 for electricity, and $8.50 for water; or a 
otal cost of $52.25. If the plant had been ready to operate on May 1, 
nd had been operated from May 1 to July 21 with mechanical re- 
frigeration supplemented by cooling with air from outdoors at night, 
and from July 21 to September 1 with mechanical refrigeration not 
supplemented by cooling with air from outdoors at night, an analysis 
of the data based on a detailed study of the daily performance and the 
daily degree-hours indicated that the compressor would have run for 
407 hours, the fan would have run 732 hours drawing air through the 
cooling coil and 682 hours drawing air from outdoors at night, and 
39 120 gallons of water would have been used. Under these conditions 
the operating cost would have been $51.60 for electricity and $12.91 
for water, or a total of $64.51. 

If the plant had been operated during the whole season from May 1 
to September 1 using mechanical refrigeration not supplemented by 
cooling with air from outdoors at night the compressor would have 
run 538 hours, the fan drawing air through the cooling coil 24 hours a 
day would have run 1464 hours, and 51 650 gallons of water would 
have been used. Under these conditions the operating cost would 
have been $61.60 for electricity and $17.05 for water, or a total of 
$78.65. If the plant had been operated the whole season from May 1 
to September 1 using mechanical refrigeration supplemented by cool- 
ing with air from outdoors at night the compressor would have run 
362 hours, the fan drawing air through the cooling coil during part of 
the day would have run 510 hours, and drawing air from outdoors 
averaging 11 hours at night would have run 946 hours. The total 
amount of water used would have been 34 830 gallons. Under these 
conditions the operating cost would have been $48.87 for electricity 
and $11.50 for water, or a total of $60.37. Thus the reduction in 
operating cost effected by the use of cooling with air from outdoors at 
night to supplement artificial cooling during the day was 23.4 per cent 
as compared with the reduction in cooling load of 32.6 per cent, which 
was mentioned in Section 39. 

During the periods of continuous operation the condensing unit de- 
veloped a capacity of 29 000 B.t.u. per hour, or 2.41 tons of refrigera- 
tion. The electrical input to the compressor motor was 2.836 kw., and 
that to the fan was 0.314 kw. The condenser water required was 96.1 
gallons per hour. The cost per hour for operating the plant under con- 
tinuous load was 8.79 cents for the compressor, 0.97 cents for the 
fan, and 3.17 cents for water. The total cost per hour was, therefore, 
12.93 cents, and the cost per ton of refrigeration delivered was 5.38 
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cents. As compared with this, the cost per ton of refrigeration de- 
livered by the plant using ice as a cooling medium, discussed in Sec-— 
tion 26, was 17.6 cents. f 
A direct comparison of the seasonal costs of operation for the plant — 
using ice and the one using mechanical refrigeration is not possible | 
owing to the fact that each plant was operated under two different — 
conditions for parts of the season and that the number of degree-hours : 
above 85 deg. F. was different for the two seasons. By using Fig. 14 
and a similar curve for the hours of fan operation in connection with 
the daily degree-hours per day above 85 deg. F. for the season of 1934, 
however, it is possible to obtain the total ice meltage and hours of 
operation for the fan and pump which would have resulted if the plant. 
using ice had been operated during the entire season of 1934. From 
this study it was determined that if the plant using ice had been 
operated during the season of 1934 without supplementary use of cool- 
ing with air from outdoors at night and with the Residence equipped 
with awnings the total ice meltage would have been 58.8 tons and 
the pump and fan would have run for 830 hours. With an electrical 
input of 0.265 kw. to the fan and 0.50 kw. to the pump motor the total 
seasonal cost of operation would have been $254.89. Under the same 
conditions, the seasonal cost for operating the plant using mechanical 
refrigeration has previously been estimated as $78.65. If supplemen- 
tary cooling with air from outdoors at night were employed these 
seasonal costs would be reduced 23.4 per cent and the cost of opera- 
tion for the plant using ice would be $191.00 as compared with $60.37 — 
for operating the plant using mechanical refrigeration. 


41. Conclusions —The following conclusions may be drawn as ap- 
plying to the Research Residence and the conditions under which the 
tests were conducted: 

(1) An indoor temperature of approximately 80 deg. F. with rela- 
tive humidity below 55 per cent results in satisfactory comfort con- 
ditions in the living quarters of a residence. For complete comfort 
in sleeping quarters a somewhat lower temperature is desirable. 

(2) The introduction of approximately one air change per hour 
of outdoor air for the purpose of ventilation is sufficient to prevent 
objectionable odors. 

(3) A mechanical refrigeration unit capable of producing 21% tons 
of refrigeration is sufficient to maintain conditions of comfort on two 
stories of a residence similar to the Research Residence when the out- | 
door temperature does not exceed 103 deg. F. and an amount of out-_ 
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door air equivalent to one air change per hour is used for the purpose 
of ventilation. 

} (4) The cooling load during the daytime can be reduced by sup- 
Beementing artificial cooling during the day with cooling by means of 
outdoor air circulated at night. 


WGne RESULTS or Tests on Room Coouiné Units 


42. Preliminary Statement—This investigation was undertaken to 
determine a practical method for the control and operation of room 
cooling units, and to obtain performance data on such units. 


43. Operating Temperatures—One of the most important and at 
the same time probably one of the most debatable questions involved 
in space cooling is the one concerning the proper indoor temperature 
to be maintained, together with its relationship to the outdoor tem- 
perature. Sufficient data were obtained from preliminary tests on room 
cooling unit A, described in Section 9, to permit the construction of 
the diagrams shown in Fig. 29. These diagrams represent idealized 
schedules of outdoor and indoor temperatures and the approximate 
length of operating periods required by cooling unit A to maintain the 
indoor temperatures shown. Figure 29 shows three possible schedules 
of indoor temperatures, or methods of operating a room cooling unit. 
The schedule for the first method, designated as Case 1, is based on the 
assumption that the indoor temperature should at all times be main- 
tained at a value 10 deg. F. less than the outdoor temperature. This 
condition is represented by the broken line, and the approximate in- 
door air temperature actually maintained by the operation of the room 
cooling unit is shown by the full line in the diagram. It may be noted 
that with this schedule of operation it was necessary to start the 
cooling unit a considerable length of time before the maximum out- 
door temperature was reached. At the starting time the indoor temper- 
ature conditions are indicated by point b, and during the period 
indicated between the points b and c, the outdoor air temperature in- 
ereased more rapidly than the indoor air temperature. It should also 
be noted that after the outdoor air temperature had reached a peak 
value and started to decline, it was necessary to progressively reduce 
the indoor air temperature in order to attempt to maintain the con- 
stant differential as specified by the schedule. This reduction in in- 
door air temperature, accompanied by a reduction in the temperature 
of the contents of the room, such as furniture, inside partition walls, 
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etc., in the late evening hours when the cooling load was just reaching | 
a peak due to the lag in heat transmission through the outside walls, | 
imposed such an exceedingly heavy load on the unit as to make it im- | 


possible to maintain the required indoor temperature, and thus to make | 


this schedule of operation impractical. A unit or plant of sufficient size 


to maintain this schedule in the late afternoon or evening would be | 
prohibitive in first cost and uneconomical to operate. Furthermore, | 


if the indoor conditions were conducive to comfort during the peak 
outdoor temperature, there was no indication or reason to believe that 
_ the maintenance of these conditions resulted in discomfort after the | 


peak had passed. 
With the second method of operation, designated as Case 2 in 


Fig. 29, an attempt was made to maintain the schedule of desirable. 
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‘indoor air temperatures given in Table 1, Section 12. This schedule 
provides for a variable differential between the indoor and outdoor 
temperatures, the differential increasing or decreasing progressively 
_as the outdoor temperature increases or decreases. The difficulties en- 
countered with this method of operation were similar to those discussed 
under Case 1, but somewhat less pronounced, because the differences 
between indoor and outdoor temperatures were not as great for this 
case as those required for Case 1. In addition, both methods required 
careful manual control and adjustment, which would be entirely im- 
practical and unsatisfactory in a domestic installation. 

With the third and more simple method of operation, which was 
finally adopted as a standard and is designated as Case 3 in Fig. 29, 
the cooling unit was started when the effective temperature reached 
some predetermined value, as for example 75 deg. F., irrespective of 
the outdoor temperature. This usually occurred when the indoor dry- 
bulb temperature reached a value between 78 and 81 deg. F., depend- 
ing upon the relative humidity, although in some of the tests slightly 
lower dry-bulb temperatures were maintained. The indoor dry-bulb 
temperature was maintained practically constant by operating the unit 
intermittently through the action of a simple two-point thermostat 
placed in the electric fan circuit. This method of operation was very 
satisfactory, and the indoor temperature conditions were maintained 
by operating the unit until the outdoor effective temperature dropped 
to approximately the same value as the indoor effective temperature, 
at which time the unit was stopped and the windows were opened. 

The choice of a particular dry-bulb temperature to be maintained 
on a given day for any domestic air cooling unit installation is gov- 
erned by a number of factors, including that of economy of operation. 
Obviously, for economical reasons, it is advisable to maintain the 
highest indoor air temperature conducive to comfort. For climatic 
conditions similar to those of Urbana, Illinois, experience has shown 
that an indoor dry-bulb temperature of approximately 80 deg. F., with 
relative humidities between 40 and 60 per cent is very satisfactory, 
whereas for cooler climates it is probable that-a slightly lower air 
temperature might be necessary. Regardless of the particular indoor 
air temperature to be maintained, there seems to be little need for 
complex schedules of operation such as those illustrated by Cases 1 


and 2. | 
44, Performance of Cooling Unit A—A typical performance record 


for unit A when cooling the living room only is shown in Fig. 30. In 
this test the unit was initially charged with 206.0 lb. of ice and the 
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Fic. 30. TEMPERATURE AND Humuipity Data ror Test with Room Coouine Unit A 
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dry bulb temperature of the air in the living room was maintained at 
a constant value of approximately 75.5 deg. F. The test was termi- 
nated at the end of 13.5 hours when the 206.0 Ib. of ice were all melted, 
and it was merely a coincidence that at this time the effective tempera- 
ture outdoors was approximately the same as the effective tempera- 
ture in the living room. It is significant to note, however, that at this 
time the unit could have been stopped and cooling continued by the 
introduction of night air even if the ice supply had not been depleted. 

The average dry-bulb and wet-bulb temperatures of the air enter- 
ing and leaving the cooling unit during the periods of fan operation 
were as follows: 


Entering Air Leaving Air 
Dry bulb temperature yee inten nie reer 75.0 deg. F. 63.8 deg. F 
Wet bulb temperature................ 64.3 deg. F. 58.0 deg. F. 
Dewpoint temperature................ 58.6 deg. F. 54.4 deg. PF. 
Gla tive kccic hhyeee een ei ereen enee eee 56.0 per cent 71.0 per cent 
Moisture content of the air............ 73.6 grains 63.0 grains 
per lb. of per lb. of 
dry air dry air 


It should be noted that the air was cooled 11.2 deg. F. in passing 
through the unit, and that the moisture content was reduced 10.6 
grains per pound of dry air. 

The dry bulb temperature of the air in the living room was main- 
tained at a level approximately 2 deg. F. lower than that in the 
uncooled hall due to the operation of the unit. It should also be noted 
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Fig. 31. Perrormance Curves ror Room Cootine Unit A 


that a comparable cooling effect was obtained by the reduction in the 
relative humidity. From Fig. 30 it may be observed that at 10:30 
A.M., when the unit was started, the relative humidity of the air in the 
room was 68 per cent; at noon it had been lowered to 55 per cent, and 
between that time and 8:00 p.m. it ranged from 51 to 55 per cent. In 
cooling effect this reduction of approximately 15 points in relative 
humidity is equivalent to a reduction of 1.5 deg. F. in effective tem- 
perature, or to a 2.0 deg. F. reduction in dry-bulb temperature. 

The total weight of moisture condensed from the air during the 
period when 206.0 lb. of ice were melted was 7.1 lb. This change in the 
moisture content of the air was equivalent to a heat absorption of ap- 
proximately 7474 B.t.u. The total heat absorbed by the ice melting 
process was composed of the latent heat of fusion of the ice, plus the 
sensible heat absorbed by the water resulting from the meltage, and 
was equal to 

(206.0 144) + 206.0 (57-32) = 34 814 B.t.u. 
144 = latent heat of fusion of ice, in B.t.u. 
57 = temperature of water going to the drain, in deg. F. 

Of the total amount of heat absorbed by the ice melting process, 
during the entire period of the test, approximately 21.5 per cent was 
given up by the change in the moisture content of the air, consisting 
of the total heat given up by the vapor condensed and the change in 
superheat of the vapor remaining in the air. As shown by the upper 
curve in Fig. 31, the amount of dehumidification accomplished with 
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Fig. 32. Typrca, TEMPERATURE RISE or CooLInc WATER IN Unit B 


this type of cooling unit was dependent on the percentage of the time 
that the fan in the unit was operating. For example, the ratio of the 
heat absorbed in the dehumidification process to the total heat ab- 
sorbed varied from a value of 37.8 per cent when the fan in the unit 
was operating continuously, to a value of approximately 16.0 per cent 
when the fan was not running, and during which time the small 
amount of ice meltage was that due to standby heat leakage only. 

The average rate of ice meltage, as indicated by the lower curve 
in Fig. 30, was approximately 15.3 lb. per hour for a period of 13.5 
hours. The maximum meltage rate observed with the fan operating 
continuously was 43.8 lb. per hour with a room temperature of about 
75 deg. F. 

The values of heat absorption may be reduced to an equivalent ice 
melting capacity expressed as tons of refrigeration by dividing the heat 
absorption rate in B.t.u. per hour by 12 000. Therefore, for the test 
shown in Fig. 30 the total heat absorption of 34 814 B.t.u. for the 13.5 
hour period was equivalent to 0.215 tons of refrigeration. The sum- 
mary of results from six tests is presented in Fig. 31, and it may be 
noted from the lower curve that the ice melting capacity expressed in 
tons of refrigeration varied from a value of 0.51 tons with continuous 


fan operation to a value of 0.06 tons when the fan in the unit was 
not running. 
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45. Performance of Cooling Unit B—The performance of cooling 
unit B was similar to that of unit A. However, it was possible to ob- 
tain a wider variation in cooling rates with unit B by making adjust- 
ments in the rate of circulation of the cooling water, by changing the 
speed of the fan, or by allowing the fan to run a larger proportion of 
the time. In the tests under consideration the rate of circulation of 
the cooling water and the fan speed remained constant. The amount 
of cooling depended entirely upon the length of time that the fan in 
the unit was operated, and Fig. 32 shows the sensitivity and positive- 
ness of this method of control as reflected in the temperature rise and 
fall in the cooling water, corresponding to the operation of the fan. 
Approximately one minute after the fan started or stopped, the temper- 
ature of the water leaving the cooling coil had practically reached 
equilibrium. For the test shown, the temperatures of the water enter- 
ing and leaving the coil were approximately 34 deg. F. and 40 deg. F., 
respectively, giving a temperature rise of about 6 deg. F. through the 
coil. 

Figure 33 shows a typical performance curve with the unit located 
in the living room, as shown in Fig. 2, and cooling the entire first story 
consisting of the living room, hall, dining room, breakfast nook and 
kitchen; or a total volume of 7300 cu. ft. It may be noted that 
the outdoor temperature reached a maximum value of 93.7 deg. F’. at 
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about 3:30 p.m. and that the temperature in the southwest bedroom on 


the uncooled second story attained a maximum value of 87.5 deg. F. at 
about 7:30 p.m. During the test period of 11.67 hours it was possible to 
maintain average breathing level temperatures of 79.3 deg. F. in the 


living room, 81.5 deg. F. in the hall, 82.6 deg. F. in the dining room, 
and 82.1 deg. F. in the kitchen, or an average of 81.4 deg. F. for the 


entire first story. Although the cooling unit and control thermostat 
were unfavorably located with respect to the center of the first story, 
the air temperatures in any one room did not deviate more than 2.1 
deg. F. from the mean temperature for the entire first story. The 
minimum room temperature of 79.3 deg. F. occurred in the living room 
where the cooling unit was located, while the maximum room tempera- 
ture of 82.6 deg. F. occurred in the dining room. Unquestionably, this 
variation in air temperature between rooms would have been reduced 
by a more central location of the thermostat and unit. It is also prob- 
able that, from the standpoint of temperature equalization in several 
rooms, the best method of operation for a room cooling unit of this type 
is that which will allow the unit to operate for the greatest portion of 
the time, at a rate of cool air delivery just sufficient to balance the 
cooling load. With such a unit equipped with a multiple-speed fan this 
method of operation can be most closely approximated by running the 
fan at the lowest available speed which will handle the load; whereas, 
in a Single-speed fan unit the adjustment could be made either by em- 
ploying adjustable louvers to control the amount of air delivered, or 
by using a control valve to vary the rate of water being circulated 
through the cooling coil. 

The total ice meltage for the test shown in Fig. 33 was 500 lb., and 
the total amount of heat absorbed was 82 224 B.t.u., which included 
the net rise in the sensible heat of the water in the ice tank. 

The average rate of heat absorption, reduced to an equivalent ice 
melting capacity, and expressed as tons of refrigeration was 0.59 tons. 
In general, the tests with both units A and B on the first story indi- 
cated that a cooling unit with a capacity of approximately 0.25 tons 
of refrigeration per room would be required to satisfy the maximum 
cooling requirements of rooms similar to those in which these tests 
were made, and in which no outdoor air other than that which occurs 
by natural infiltration was introduced for the purpose of ventilation. 
It should be noted that the windows of these rooms which were exposed 
to the sun were equipped with awnings, and that the occupancy load 
consisted of only one person per room. There was practically no 
power load. The estimate of 0.25 tons of refrigeration per room is 
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based on normal running conditions, since starting conditions impose 
an extra load of considerable magnitude. It is very probable that a 
larger tonnage capacity per room would be necessary for second- -story 
| rooms since the cooling load for the second story is considerably 
greater than that for the first story and the cooled air would tend to 
drift downwards to the first story. 
The total amount of moisture condensed out of the air during the 
entire test lasting 11.67 hours was 21.22 lb., and the ratio of the heat 
absorbed by the change in the moisture Rontent of the air to the total 
heat absorbed was 27.2 per cent. The great magnitude of the de- 
humidification load is emphasized by the lower curve in Fig. 33, show- 
ing the rate of dehumidification, or the weight of water condensed out 
of the air in pounds per hour. It may be observed that the initial rate 
at the beginning of the test was approximately 5.0 lb. per hour, while 
the average rate for the entire test period was only 1.82 lb. per hour. 
As shown by the center group of curves in Fig. 33, this drying process 
substantially reduced the relative humidity of the air in all the rooms 
on the first story. The average initial relative humidity of approxi- 
mately 68 per cent was reduced to a value of 58 per cent at the end 
of one hour’s operation, and at the end of five hours’ operation it had 
attained a value of about 50 per cent. Since the dry-bulb temperature 
remained constant, the reduction in relative humidity also represented 
a reduction in moisture content, or the pounds of moisture present per 
pound of air. The fact that during the operation of the cooling unit 
the moisture content of the air on the second story remained constant 
indicated that the relative humidities in the rooms on the second story 
were also somewhat reduced by the dehumidification accompanying 
the cooling on the first story, since it was observed on other days that 
when the cooling unit was not operated a gradual increase in the 
moisture content of the air on the second story always occurred during 


the day. 


46. General Remarks—Although these tests indicate that a room 
cooling unit can be successfully adapted to cool from one to three 
rooms on the same floor of a residence, it is probable that the most 
economical method of cooling would be to operate such units in con- 
junction with a fan unit for the purpose of introducing cool air from 
outdoors at night into the rooms or house. It would be feasible for 
instance, to locate the cooling unit on the first story of a two-story 
house and operate it during the afternoon and evening, while the 
second-story rooms would be cooled at night by introducing outdoor 
air through the open windows. 
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The advantageous features of portability and lower initial cost of 
a unit similar to unit A are somewhat offset by the inconvenience of © 
having the entire unit in the living quarters. It would probably be — 
preferable to locate the unit in the basement and attach a short duct 
system from the outlet of the unit to a register on the first story, © 
thereby avoiding the necessity for servicing the unit in the living 
portion of the house. 

Adequate insulation of the ice storage compartment in all types of 
units is very essential for the minimization of standby losses. The 
cooling load during the summer was extremely variable with the 
weather conditions fluctuating rapidly, and oftentimes it was found 
that after the ice storage tank was filled, very little cooling was neces- 
sary due to sudden temperature changes outdoors. Under these con- 
ditions standby losses become expensive if any appreciable ice melt- 
age takes place between operations. With units similar to type B it 
is essential that all pipes carrying relatively cold refrigerants be 
thoroughly insulated. 

The matter of noise of mechanical parts and of air motion is ex- 
tremely important, and great care should be taken in the design and 
installation of any unit to reduce these factors to a minimum. 


ae 


47. Conclusions —The following conclusions are applicable to the 
conditions under which these tests were made: 


(1) Room cooling units should be operated and controlled to main- 
tain a constant dry-bulb temperature in the room, rather than to main- 
tain a complex schedule of indoor temperatures varying with the out- 
door temperature. 


(2) Room cooling units similar to units A and B can be success- 


fully adapted to cool from one to three medium-sized rooms on the 
same floor of a residence. 


(3) A room cooling unit of 300 lb. ice capacity and having a melt-— 
ing rate of approximately 20 lb. of ice per hour would be adequate to | 
satisfy the normal cooling requirements of a medium-sized first-story : 
room of a residence for most summer days, if no outdoor air other 
than that which enters by natural infiltration is introduced for venti-. 
lation. However, if the occupancy of the room is to be more than 
two persons it is essential that additional capacity be supplied for the 
necessary ventilation required to reduce undesirable odors. | 

(4) The initial ice melting rate, or the melting rate during the: 


first hour after the unit was started, was nearly twice as great as the. 
normal melting rate. 
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(5) Of the total amount of heat absorbed by the room cooling 
“units, approximately from 16 to 38 per cent was absorbed in the de- 
er isication process. 

! (6) In addition to the lowering of the dry-bulb temperature the 
‘Telative humidity of the air in the rooms was, in most cases, reduced 
about 15 points after three or more hours of continuous operation of 
the units. } 

(7) Although not centrally located on the first story of the resi- 

‘dence, the cooling units operated in the living room effectively cooled 
and dehumidified the air in the adjoining rooms, and there was some 
indication that the reduction in relative humidity extended to the 
second story. 

(8) With room cooling unit B located in the living room and all 
interconnecting doors on the first story open, the maximum deviation 
of the breathing level temperature in any room on the first story from 
the mean temperature of the entire first story was 2.1 deg. F. 


VIII. Estimation or SEASONAL DEMANDS 


48. Preliminary Statement—The actual daily cooling load imposed 
on a plant used to cool a given structure is dependent on the outdoor 
temperature, and hence is a function of the number of degree-hours 
above some selected base occurring on that day. The number of 
degree-hours occurring on a given day may therefore be regarded as a 
measure of the potential demand on the plant for that day, and the 
total number of degree-hours for the season may be regarded as a 
measure of the seasonal demand. Hence, for the purpose of estimating 
the probable cost of operation, some estimate must be made of the 
probable seasonal demand for the coming season. Such an estimate 
must be based on a knowledge of the seasonal demands of past seasons 
in the given locality. 

The number of degree-hours above any given base temperature 
is the product of the difference between the base temperature and the 
mean temperature over the period in hours during which the outdoor 
temperature is equal to or exceeds the base temperature, and the total 
length of the period over which this occurs. This procedure involves 
a knowledge of the hourly temperatures occurring for each day of the 
season. In many localities such data are not available, since many 
local weather stations make a practice of observing only the daily 
maximum and minimum temperatures, and those occurring at 7:00 
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~A™M., 2:00 P.M., and 7:00 p.m. In most localities, however, records of 
the daily maximum temperatures are available, and if the degree- 
hours could be correlated with these daily maximum temperatures 
with a reasonable degree of accuracy it would afford a means of 
estimating the seasonal demands for the season under consideration. 
The following discussion suggests a method for such a correlation. 


49. Correlation of Degree-Hours with Maximum Outdoor Temper- 
atures —Table 9 gives a summary of the actual number of days, hours, 
and degree-hours above bases of 85, 90 and 95 deg. F. for the summer 
of 1932 at Urbana, Illinois, based on hourly data observed at the Re- 
search Residence. From this table it is evident that the choice of a 
base temperature is an important item in determining the number of 
degree-hours in a cooling season. If it is assumed that no cooling 
will be required until the outdoor temperature reaches 90 deg. F. then 
the summer of 1932 would have had a total of 409 degree-hours re- 
quiring cooling. If, however, a base of 85 deg. F. is assumed, then that 
summer would have had a total of 1471 degree-hours, or 3.6 times the 
amount for a 90 deg. F. base. 

The uniformity of the curves of outdoor temperature plotted 
against the time of day, as in Figs. 10 and 11, suggested the possibility 
that there might be some correlation between the maximum daily 
temperatures and the number of hours and degree-hours above any 
given base temperature. The daily outdoor temperatures, in general, 
followed a cycle similar to the one shown as an inset in Fig. 34. There- 
fore, if a given base temperature was selected, the length of the chord 
between the two points at which this base temperature line inter- 
sected the curve of outdoor temperatures represented the number of 
hours for the given day that temperatures at, or above, the base 
temperature prevailed. Also, the area between the base line and the 
temperature curve above the base line, shown cross-hatched in Fig. 34, 
represented the number of degree-hours above the given base. This 
procedure was followed for each of the 62 days during the summer of 
1932 for which the maximum temperature reached 85 deg. F. or above, 
using three separate base lines, at 85, 90, and 95 deg. F. The result- 
ing number of hours and degree-hours for each day were then plotted 
against the maximum outdoor temperature for that day, as shown in 
the two groups of curves in Fig. 34. It was then possible to draw 
three curves, for base temperatures of 85, 90, and 95 deg. F., repre- 
senting the average of the points with a fair degree of accuracy. The 
spread of the points accordingly represents the deviations of the actual 
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cycles for the individual days from the ideal average cycle represented 
by the curves. As an example, if a base temperature of 85 deg. F. is 
selected, and the maximum temperature of 92 deg. F. was attained 
on a given day, then, from the upper group of curves in Fig. 34, a total 
of 7.2 hours with temperatures above 85 deg. F. could be expected for 
that day, and from the lower group of curves, a total of 30 degree- 
hours would be probable. There is no reason to believe that the 
character of the daily temperature cycles used in constructing these 
curves is peculiar to Urbana, Illinois, alone, and therefore it is prob- 
able that the curves in Fig. 34 are applicable to a wide range of locali- 
ties. Hence, it should be possible to estimate the probable number of 
hours and degree-hours above a selected base for any season in a 
given locality, by counting the total number of days occurring at vari- 
ous maximum temperatures from the U. S. Weather Bureau reports 
for the locality, and multiplying the number of days thus obtained for 
each maximum temperature by the number of hours or degree-hours 
obtained from the curves in Fig. 34 corresponding to the various maxi- 
mum temperatures selected. The summation of the hours or degree- 
hours thus obtained represents the total for the season. 

An estimation of the number of degree-hours above 85 deg. F. for 
each of the summers for the years from 1923 to 1934 at Urbana, IIli- 
nois, has been made in this manner, and is shown in Table 10. In 
compiling this table, the various ranges of outdoor temperatures have 
been grouped as shown in column 1. The mean temperatures for the 
various ranges are given in column 2, and the number of degree-hours 
per day, as read from the curves in Fig. 34 corresponding to the mean 
temperatures in coluumn 2, are given in column 3. In the two columns 
for each year shown, the first column is the total number of days in- 
cluded in the months of May, June, July, August, and September, 
having maximum temperatures falling between the limits shown in 
column 1, and the second column is the product of the number of days 
and the corresponding number of degree-hours per day from column 3. 
The first three columns in this table may be considered as applicable to 
any locality, while the balance of the table applies to Urbana only. 
The ranges could be made smaller than those shown in column 1, but 
greater accuracy at this point is hardly warranted when it is con- 
sidered that the final result is only a reasonably close approximation 
at best. 

That it is a reasonably close approximation is indicated by the 
fact that the number of degree-hours for the summer of 1932, calcu- 
lated from the summation of the actual degree-hours for the individual 
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days, was 1471, while the number calculated from the average curves 
and shown in Table 10 was 1538, or a deviation of 4.2 per cent from 
the actual. A similar approximation for the number of hours above 
85 deg. F. gave 318 as compared with the actual number of 329, or 
a difference of 3 per cent. While the curves in Fig. 34 were derived 
from the data for one season only, their applicability to different 
seasons can be shown by comparing the results for the years of 1933 
and 1934 from Table 10 with the data obtained from the continuous 
records made at the Research Residence for those seasons. For the 
summer of 1934 a total of 2658 degree-hours was obtained from the 
daily charts made by the recording thermometer, as compared with 
2747 shown in Table 10 as calculated from the curves. This repre- 
sents a deviation of 3.5 per cent. For the summer of 1933 the actual 
number of degree-hours was 2310 as compared with 2022 shown in 
Table 10, representing a deviation of 12 per cent. The larger devia- 
tion for 1933 is probably caused by the fact that this season contained 
no days with a maximum outdoor temperature as high as 100 deg. F., 
while both the seasons of 1932 and 1934, and the data from which the 
curves in Fig. 34 were derived contained a number of such days. 


50. Variability of Seasonal Demands—From Table 10 it is evident 
that the cooling season is extremely variable, even in the same locality. 
During the twelve years, it varied from a maximum of 2747 degree- 
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hours to a minimum of 327 degree- hours. The latter eepiescate only 
about one- -eighth of the maximum. Furthermore, during this twelve- 
year period there were four years in which the nuaber of degree-hours 
was less than one-fourth of the maximum, six years in which it was 
less than one-third, and eight years in which it was less than two-thirds 
of the maximum. That the cycle represented by the twelve years 
selected presents nothing unusual in the way of variation is shown by 
Fig. 35, in which the averages of all of the maximum temperatures for 
each day in the months of June, July, August, and September are 
plotted against the years, over a period of 47 years. It may be noted 
also from Fig. 35 that the shape of the degree-hour curve, plotted 
from the data in Table 10, closely approximates the shape of the 
average maximum temperature curve. Hence, the variations shown by 
the twelve-year cycle selected may be regarded as typical of the varia- 
tions that might occur in any twelve-year cycle during the whole 
period of 47 years, and both the curves and the table serve to em- 
phasize the futility of any attempt to calculate the probable cooling 
load for a given season from a mean value of the number of degree- 
hours based on the average for a cycle of seasons. 


51. Moisture Content of Outdoor Air—The number of degree- 
hours above some given base, while offering a reasonably accurate 
index, is not a complete measure of the load actually imposed on a 
cooling plant. Part of this load consists of the moisture load, or as it 
is usually designated, the latent heat load. This may be separated 
into the load resulting from moisture carried in by infiltration of out- 
door air or by air introduced for ventilation, and the‘load resulting 
from moisture given up by people or by other forms of evaporation 
within the structure itself. The latter is independent of outdoor temper- 
ature and must be estimated from what is known of the probable oc- 
cupancy and the character of any processes, such as cooking, result- 
ing in evaporation. The former is also to a certain extent independent 
of the outdoor dry-bulb temperature, and therefore of the number of 
degree-hours, and must be estimated from the probable moisture con- 
tent of the outdoor air. 

Figure 36 shows a plot of the moisture content of the outdoor air 
for Urbana, Illinois, corresponding to different outdoor dry-bulb 
temperatures. This plot includes all of the summers from 1927 to 1935, 
and is based on observations made at 2:00 p.m. It may be noted that 
for any given dry-bulb temperature less than 95 deg. F., the moisture 
content of the outdoor air may vary between rather wide limits. For 
every dry-bulb temperature, however, there are definite upper and 
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lower limits within which the value for the moisture content will be 
found.. Hence, the chart may be useful in estimating the limiting 
latent heat load which might be imposed on a given cooling plant. 


52. Conclusions—The following conclusions may be drawn from 
the data presented: 

(1) The daily degree-hours can be correlated with the ‘dail 
maximum outdoor temperatures with sufficient accuracy to permit 
the estimation of the seasonal demands for one season from the corre- 
lation obtained from the weather reports for a different season. 

(2) The seasonal cooling requirements are extremely variable from 
year to year, and the ratio of the number of degree-hours exhibited 
by any two seasons occurring within a twelve-year period may be 
as high as 8.5 to 1. Hence, an average value for the degree-hours per 
season is comparatively meaningless. 


_ 


APPENDIX A 
EFFECTIVE TEMPERATURES 


Under normal conditions, in an environment in which the tempera- 
ture of the surrounding walls does not differ materially from that of 
the air, comfort is produced largely through the influence of air 
temperature, air motion, and relative humidity. The latter can be 
represented by wet-bulb and dry-bulb temperatures, observed on two 
thermometers, one of which has the bulb encased in a cloth sheath 
moistened with distilled water. When air is blown over these ther- 
mometers, or they are moved through the air, the dry-bulb thermom- 
eter reads a temperature representative of that of the air, and the 
wet-bulb thermometer reads a lower temperature depending on the 
relative humidity of the air. These thermometers must always be 
read with air moving over the bulbs. A chart showing the relations 
between the dry-bulb temperature, the wet-bulb temperature, and the 
relative humidity of the air is given in Fig. 37. 

Effective temperature lines, or lines representing a composite 
temperature serving as an index to express the combined thermal 
effect of the dry-bulb temperature, wet-bulb temperature, and relative 
humidity existing in a given environment, are shown in Fig. 37.* These 
lines were established at the Research Laboratory of the American ‘ 
Society of Heating and Ventilating Engineers, and represent the vari- 
ous combinations of wet-bulb and dry-bulb temperatures giving the 
same feeling of warmth or coldness to an individual seated in still air, 
or air having a movement of less than 25 ft. per min. That is, all com- 
binations of wet-bulb and dry-bulb temperatures located on a given ef- 
fective temperature line on the chart are accompanied by the same 
feeling of warmth or coldness. As an arbitrary scale of effective 
temperatures, a scale was selected such that it coincided with the wet- 
bulb temperatures shown along the saturation, or 100-per-cent relative 
humidity, line on the chart. Hence, effective temperature may also be 
defined as the temperature of saturated still air which will give the 
same feeling of warmth or coldness as the combination of wet-bulb and 
dry-bulb temperatures actually existing in the environment under 
consideration. 

Effective temperature is a reliable index of the feeling of warmth 
or coldness, but it is not in itself a comprehensive index of comfort. 


EAE to Use he eye Temperature pide and Comfort Charts” by C. P. Yaglou, 
W. H. Career: E. V. . C. Houghten and J. H. Walker. Trans. A.S.H.V.E., Vol. 38, $932, 


pp. 410-423. 
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That is, while it is true that at a given effective temperature which is. 
comfortable at a relative humidity of 50 per cent, an equal feeling of 
warmth may exist over the whole range of relative humidities from 
0 to 100 per cent, it is not necessarily true that an equal degree of 
comfort exists over the whole range. High relative humidities produce 
sensations of dampness and stickiness, while low relative humidities 
produce a sensation of excessive dryness; neither of which may be 
regarded as comfortable. However, the work on winter comfort con- 
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_ ducted at the Research Laboratory of the American Society of Heat- 
ing and Ventilating Engineers* and later studies on summer comfort 
carried on at the Harvard School of Public Health} proved that, 
within reasonable limits, the effective temperature is a fair index of 
comfort. The experimental data were confined to the range of relative 
humidities between 30 and 70 per cent. Hence the comfort zones, 
shown as the cross-hatched portions of the chart in Fig. 37, were 
limited to a range in relative humidity of from 30 to 70 per cent. 
During the course of this investigation the sense impressions of a 
large number of subjects were obtained when they were exposed to a 
wide range of different combinations of dry-bulb temperature and 
relative humidity. From the sense impressions of these different sub- 
jects it was established that, when normally clothed for indoor activi- 
ties during the winter, 97 per cent of them felt comfortably warm 
when the effective temperature was 66 deg. F. This effective tempera- 
ture was therefore regarded as the optimum for comfort in the winter. 
It was also determined that 50 per cent of the subjects felt comfortable 
at effective temperatures of 71 and 63 deg. F., and these effective 
temperatures were regarded as the upper and lower practical limits of 
the winter comfort zone. In the same manner, an effective tempera- 
ture of 71 deg. F. was determined as the optimum for people normally 
clothed during the summer, and the upper and lower limits of the 
summer comfort zone were established as 75 and 66 deg. F. effective 
temperature. Both of these zones are shown as cross-hatched portions 
in Fig. 37, and any combination of dry-bulb temperature and relative 
humidity that lies within these zones in the winter or in the summer, 
respectively, may be regarded as conducive to a reasonable degree of 
comfort. 


# mina f the Comfort Zone With Sl Verification of Effective Temperatures 
Within tie ig eB wo} Houghten and C. P. Yaglou. Trans. A.S.H.V.E. Vol. 29, 1923, 


a ata ‘The Summer Comfort Zone; Caamte and Clothing,” by C. P. Yaglou and Philip Drinker. 
Trans. A.S.H.V.E. Vol. 35, 1929, p. 269. 


‘APPENDIX B 


Meruop Usep ror CALCULATION oF CooLtIne LOAD 


1. General Statement—The total cooling load imposed on a cooling 
plant consists of the sum of all heat gains by the structure resulting 
from indoor-outdoor temperature differences and sun effects on walls 
and windows, and of all other heat quantities introduced by air in- 
leakage and heat given up by the occupants and by mechanical or 
electrical processes. For convenience in calculation, these heat quanti- 
ties may be itemized as follows: 

Item (1); Heat Transmission Through Walls Not Exposed to Sun 

Item (2); Heat Transmission Through Walls Exposed to Sun 

Item (3); Heat Transmission Through Windows and Doors Not 

Exposed to Sun 

Item (4); Heat Transmission Through Windows Exposed to Sun 

Item (5); Heat Transmission Through Ceilings 

Item (6); Heat Transmission Through Floors 

Item (7); Heat Brought in by Infiltration or Ventilation Air 

Item (8); Heat Given off by Occupants "e 

Item (9); Heat Given off by Electric Lights 

Item (10); Heat Given off by Electric Motors 


In computing the cooling load for the Research Residence, the 
values of coefficients of heat transmission and enthalpies of mixtures 
of water vapor and air as given in the American Society of Heating 
and Ventilating Engineers’ Guide for 1934 have been used. Wherever 
other sources of information were consulted references to such sources 
have been given. The following computations all apply to conditions 
existing at the Research Residence at 2:00 p.m. on June 27, 1934. 


2. Item (1); Heat Transmission Through Walls Not Exposed to 
Sun.—tThe heat transmission through walls not exposed to the sun and 
through partition walls was computed from the equation 


H = AU (f, — &) (1) 
in which H = heat transmitted in B.t.u. per hr. 

A = wall area, in sq. ft. 

U = coefficient of heat transmission, in B.t.u. per sq. ft. 
per hr. per deg. F. temperature difference from air 
to air. 

t. = outdoor temperature, in deg. F. 

t; = indoor temperature, in deg. F. 
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In the Research Residence three types of walls were involved, as 
follows: 

(a) Frame wall consisting of weatherboard, building paper, sheath- 
ing, 6-in. studding, wood lath and plaster. The total area of this type 
of wall was 1767 sq. ft. However, since the portion of this wall which 
was exposed to the sun at any particular time is separately treated, 
only the portion not exposed to the sun was used in computing the 
heat gain by Equation (1). At the time considered this was 1304 sq. ft. 
The value of U used was 0.25, (Guide 1934, p. 85, Table 10, Wall 
No. 41 A.) 

(b) The chimney was considered as equivalent to a wall section 
consisting of 12-in. brick with wood lath and plaster finish. The total 
area not exposed to the sun at the time considered was 117 sq. ft., and 
the value of U used was 0.24, (Guide 1934, p. 83, Table 8, Wall 
No. 2.C.) 

(c) Partition wall between sun room and dining room, consisting of 
6-in. studding with wood lath and plaster on both sides. The total 
area of this wall was 100 sq. ft., and the value of U used was 0.34, 
(Guide 1934, p. 86, Table 11, Wall No. 53 B.) The temperature in 
the sun-room was assumed to be the same as that outdoors. 


Sample calculation at 2 p.m., June 27, 1934: 

Ay, = 1304 X 0.25 (97.1 — 79.9) = 5607 B.t.u. per hr. 

Hy 117 X 0.24 (97.1 — 79.9) = 483 B.t.u. per hr. 

Ai, 100 X 0.34 (97.1 — 79.9) = 585 B.t.u. per hr. 
Total H for walls = 6675 B.t.u. per hr. 


3. Item (2); Heat Transmission Through Walls Exposed to Sun.— 
The intensity of the sun is generally expressed as the B.t.u. received 
per hour on one sq. ft. of surface normal to the sun. The intensity 
received normal to a surface which is in itself not normal to the sun’s 
rays is dependent on the angle of incidence between the sun’s rays and 
the surface. For such surfaces the angle of incidence is a function 
of the orientation of the surface, the month, the day of the month, and 
the time of day. Curves giving the relation between the time of day 
and the solar intensity normal to the sun, normal to a horizontal sur- 
face, and normal to south, east, and west walls for the months of July, 
August, and September have been developed at the Research Labo- 
ratory* of the American Society of Heating and Ventilating Engineers. 
These curves are for Pittsburgh, Pennsylvania, but are equally ap- 


ll 


*Fteat Transmission as Influenced by Heat Capacity and Solar Radiation,” by F. C. 
Pigigiten,” Je L. Blackshaw, E. M. Pugh, and Paul McDermott. Trans. A.S.H.V.E. Vol. 38, 


1932, pp. 231-279. 


| 
| 
| 
b 


oe es, a 


sy ILLINOIS ENGINEERING EXPERIMENT STATION 
ee 
—— 


HORIZONTAL “XN NI 
SURFACE / 
a 


« 
3 250 Vi es 
fl 
B.200 EAST WALL 
E EST ge 
,o 
sd CHAP REDECNNE 
x 
Wl 
D100 
2 cay 
a AY, 
50 


a NNE 
Pan ARKVAERSHANS| 


A.M. P.M. 
SUN TIME JULY | 


Fia. 38. Curves Givine Souar Intensity NorMat To Sun, on HorizonTAL 
SURFACE, AND ON WALLS For JULY 1 


Copyright American Society of Heating and Ventilating Engineers— 
from A. 8. H. and V. E. Transactions, Vol. 38, 1932. 


plicable to Urbana, Illinois, which is in practically the same latitude. 
A set of these curves for July 1 is shown in Fig. 38. 

Of the sun’s intensity, J, normal to a given wall, which may be read 
from the curves in Fig. 38, a portion eZ is absorbed by the surface and 
a portion, (1—e) I, is reflected from the surface. The portion el 
raises the surface temperature, and a part of it is lost by radiation 
from the surface and by convection to the outdoor air. The remain- 
ing portion is transmitted through the wall. In the case of such sun- 
exposed walls Equation (1) for heat transfer from air to air on the 
two sides of the wall is not applicable. The following equations,* 
however, may be written as applying to this case: 


el = H, + Ho, or H, = el — Hy (2) 

Ay, = (i> = to) f (3) 

Hz = C(tz — ty) (4) 

He = filty — ti) (5) 

In which J = solar intensity normal to the surface, in B.t.u. per sq. 
ft. per hr. 

e = coefficient of absorption of solar radiation. 
H, = heat lost from outside surface by radiation and con- 


vection, in B.t.u. per sq. ft. per hr. 


*Harding, L. A. and Willard, A. C., ‘Mechanical Equipment of Buildings, Vol. I’’ second 
edition, p. 248. 
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H, = heat transmitted through wall, in B.t.u. per sq. ft. 
per hr. 

fo = outside surface coefficient, in B.t.u. per sq. ft. per hr. 
per deg. difference in temperature between the 
surface and the air. 

fi = inside surface coefficient, in B.t.u. per sq. ft. per hr. 
per deg. difference in Sg aol between the 
surface and the air. 

C = conductance of wall, in B.t.u. per sq. ft. per hr. per 
deg. difference in temperature from surface to 
surface. 

t, = outdoor air temperature, in deg. F. 

. t; = indoor air temperature, in deg. F. 
tz = outdoor surface temperature, in deg. F. 
t, = indoor surface temperature, in deg. F 


The general solution of Equations (2) to (4) gives 


jp _ Of + folto =) (6) 


1+4(—+—) 


By introducing the equation for the overall coefficient of heat transfer, 
U, or the heat transferred per sq. ft. per hr. per deg. difference in 
temperature from air to air 


1 


U0 = ——_ if 
‘4 1 1 4 1 @) 
fi fo C 
Equation (6) may be reduced to the following form: 
U 
ee E + folle — 4) | (8) 
For the total area, A, of wall involved, 
U 
H, — H, x A = E + fa cs 7 t) | (9) 


The values of the coefficients used in Equation (9) were U = 0.25, 
(Guide 1934, p. 85, Table 10, Wall No. 41A), and f. = 6.00, (Guide 
1934, p. 82, Table 7). Values of e for clean white paint ranging from 
0.20 to 0.30 were given by different authorities, and a value of 0.40 
was used as being representative of weathered white paint stained 
with soot and dirt. It was determined by observations made at the 
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Research Residence that when the sun was shining on a wall only 
about 50 per cent of the wall area was actually exposed to the sun’s _ 
rays. The balance was shaded by shutters and other obstructions. 
For the south and west walls the total areas of the wall surfaces were — 
530 and 396 sq. ft. respectively. The actual sun-exposed areas were _ 
therefore 265 and 198 sq. ft. At 2 p.m. on June 27, the values of sun’s 
intensity on the south and west walls, read from Fig. 38, were 63 and 
144 B.t.u. per sq. ft. per hr. respectively. 


Sample calculation for 2 p.m., June 27, 1934: 
South wall, 


265 X 0.25 
=" —l 04 X 63 + 6.00(97.1— 79.9) |= 1420 B.t.u. per hr. 
West wall, 

198 X 0.25 
a; - [os x 144 + 6.00(97.1 -79.9)| = 1330 B.t.u. per hr. 


Total heat transfer through walls exposed to sun = 2750 B.t.u. per hr. 


4, Item (3); Heat Transmission Through Windows and Doors Not 
Exposed to Sun—tThe heat transmission through windows and doors 
was calculated from Equation (1), Section 2. For windows the value 
of U used was 1.13, (Guide 1934, p. 92, Table 8). This value of U 
applies to the window as a whole including sash and any separating 
strips between panes. All windows were shaded by awnings, and the 
indirect sun effect was obtained by using the glass area alone of the 
windows on the sides exposed to the sun, as explained in Section 5. 
Hence the area used in Equation (1) was obtained by subtracting the 
total area of the glass alone on the sun-exposed sides from the total 
area of the openings for all windows. That is, it included the total 
area of openings on the sides of the house not exposed to the sun and 
the wooden sash and dividing strips on the sides exposed to the sun. At 
2:00 p.m. this area was 243.7 sq. ft. 

The front door was considered separately. Its area was 24.5 sq. ft. 
and a value for U of 0.52 was used, (Guide 1934, p. 92, Table 18). 

Sample calculation for 2:00 p.m., June 27, 1934: 


Windows, H = 243.7 X 1.13 (97.1 — 79.9) = 4735 B.t.u. per hr. 
Door, H 24.5 X 0.52 (97.1 — 79.9) = 219 B.t.u. per hr. 


Total = 4954 B.t.u. per hr. 


5. Item (4); Heat Transmission Through Windows Exposed to Sun. 
—The studies of F. C. Houghten* and others indicated that the total 


*“Studies of pea Radiation Through Bare and Shaded Windows,” by F. C. Hou hten, Carl 
Gutberlet, and J. L. Blackshaw. Trans. A.S.H.V.E. Vol. 40, 1934, p. ioi-1 118. . 
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heat gain through a glass area shaded by an awning was 28 per cent 
of the total heat gain for the same glass area unshaded by an awning 
and exposed to the sun. Since the latter amounted to approximately 
97 per cent of the sun’s intensity normal to the window surface, it is 
sufficiently accurate for all practical purposes to regard the heat gain 
through a glass area shaded by an awning on the sunny side of a 
building as equal to 28 per cent of the sun’s intensity normal to that 
area. At 2:00 p.m. on June 27 the sun’s intensity as read from Fig. 38, 
for south and west windows was 63 and 144 B.t.u. per sq. ft. per hr., 
respectively. The heat transmitted by the windows shaded by awnings 
was therefore obtained by using 28 per cent of these values and multi- 
plying by the respective glass areas for south and west windows. 

The total radiation that would have been received by unshaded 
windows in the Research Residence for each hour of the day for days 
included in the months of July, August, and September is shown by 
the curves in Fig. 39. At any given hour the amount of heat actually 
transmitted by the windows, which were all shaded by awnings, would 
be 28 per cent of the value read from these curves. 
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Sample calculation for 2:00 p.m., June 27, 1934: 
South windows, H, = 85.6 X 63 X 0.28 = 1510 B.t.u. per hr. 
West windows, H, = 39.9 X 144 X 0.28 = 1610 B.t.u. per hr. 
; Total = 3120 B.t.u. per hr. 


6. Item (5); Heat Transmission Through Ceilings —The heat trans- 
mission through ceilings was calculated from Equation (1), Section 2. 
The temperature in the attic space at any given time was obtained 
from test data. The attic space contained a floored section having an 
area of 395 sq. ft., for which a coefficient of 0.24 was used, (Guide 
1934, p. 87, Table 10); an unfloored section having an area of 304 
sq. ft., for which a coefficient of 0.62 was used, (Guide 1934, p. 87, 
Table 10) ; and a section of 182 sq. ft. which had % in. of blanket in- 
sulation nailed to the top of the joists. The calculated value of the 
coefficient for the latter was 0.19. 

Sample calculation for 2:00 p.m., June 27, 1934: 

Floored ceiling, H = 394 X 0.24(104.7 — 79.9) = 2352 B.t.u. per hr. 
Unfloored ceiling, H = 304 X 0.62(104.7 — 79.9) = 4675 B.t.u. per hr. 
Insulated ceiling, H = 182 X 0.19(104.7 — 79.9) = 858 B.t.u. per hr. 

Total = 7885 B.t.u. per hr. 


7. Item (6); Heat Transmission Through Floor—tThe heat trans- 
mission from the first story to the basement through the floor was cal- 
culated from Equation (1), Section 2. The total area of the floor was 
850 sq. ft., and the coefficient used was 0.34, (Guide 1934, p. 87, 
Table 13, Floor No. 1D). Since the temperature in the basement was 
less than that on the first story the heat flow was from the first story 
to the basement. Hence the heat gain in this case was negative. 

Sample calculation for 2:00 p.m., June 27, 1934: - 


H = 850 X 0.34(77.3 — 79.4) = —607 B.t.u. per hr. 


- 


8. Item (7); Heat Brought in by Infiltration or Ventilation Air— 
Since approximately one air change per hour of air for ventilation was 
delivered into the house, it was considered that the amount resulting 
from infiltration was negligible. The heat gain was therefore caleu- 
lated from the weight of air delivered and the difference in enthalpies 
for indoor and outdoor air. These enthalpies were determined by the 
respective wet-bulb temperatures from Table 2, pp. 6-9, Guide 1934. 
For a wet-bulb temperature of 76.5 deg. F. outdoors the enthalpy 
was 39.20 B.t.u. per lb., and for a wet-bulb temperature of 65.2 deg. F. 
indoors it was 29.80 B.t.u. per lb. The weight of air delivered by the 
ventilating fan, as determined by Pitot tube readings was 1015 lb. 
per hr. 
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Sample calculation for 2:00 P.M., June 27, 1934: 
Bae a = 1015 60.20 — 29.80) = 9540 B.t.u. per br. 


9. Item (8); Heat Given Off by Occupants—The work of F. C. 
Houghten* and others indicates that the heat loss from a sedentary 
individual is approximately 400 B.t.u. per hr. The average occupancy 
at the Research Residence was equivalent to approximately 4 people. 
Hence the heat given off by occupants was 4X 400 — 1600 B.tu. 
per hr. Z 


10. Item (9); Heat Given Off by teeta Iights —At 2:00 p.m. on 
June 27, 1934 no lights were in use. 


11. Item (10); Heat Given Off by Electric Motors —It was consid- 
ered that approximately 80 per cent of the heat equivalent of the elec- 
trical input to the fan motor was absorbed by the air delivered through 
the system. This electrical input was 340 watts. Hence the heat given 
off by the motor was, 


340 X 0.80 X 3.415 = 929 B.t.u. per hr. 


12. Summary.—tThe summation of all of the heat gains given in 
items (1) to (10) inclusive, taking into account the negative value for 
item (6), gave a total of 36 846 B.t.u. per hour for the calculated 
cooling load at 2:00 p.m., J une 27, 1934. 

*“Heat and Moisture Losses from Men at Work and Application to Air Conditioning 


Problems’ by F. C. Houghten, W. W. Teague, W. E. Miller, and W. P. Yant. Trans. 
A.S.H.V.E. Vo. 37, 1931, p. 544. 


eee 


EEE eee Eee 


ore 


haa Wie 


